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ABSTRACT )

The effect of feeding a palatable cafeteria diet or of
feediﬁg a restricted‘amount of ého brown adipogg tissue
(BAT) of lean and goldthioglucose (GTG)foﬁese mice was
studied at various times of day qd night. Tﬁe obijectives
were to discover: (1) whether a p'évious observaéion of diet
induced growth of BAT of the GTG-Ebese mouse in the absence
of diet-inéuced thermogenic act(iation could be exﬁlained by
a transient stimulation at//é/time of day not studied (2)
whether the increased h%ﬁabolic efficiency of the food-
restricted GTG-obese mous results from changes in BAT
thermogenic ac%ivity. In % second study, the time course of
cold-induced activation of T: thermogenesis in lean and
GTG-obese mice was assessed. \ As well, the effects of diet
and cold exposure upon the activity of BAT thyroxiné 5'-
deiodinase (BAT 5'DII) of 1lean and GTG-obese mice were
examined. It was ?ound that a transient activation of BAT
fhermogenesis, as assessed by changes'in BAT mitochondrial
GDP binding, does occur in the GTG-obese mouse immediately
after the food is presented, but no effect 6f feeding the
diet is seen at other times. Food restriction does not
suppress any further the already l§w level of mitochondrial

GDP binding in GTG-obese mice; thus the increased metabolic

efficiency of this'animal is not explained by alterations in



.BAT thermogenic activity. A circadian rhythm in BAT 5'DII
activity, differing £rom that in GDP_ binding, occurred in
both lean and éTG-obese mice. No effect of diet or lesion
was'bbserveQIin this activity. GDP binding was reduced in
cold-exposeé GTG-obese mice during all measured time points,
however this decrease .resulted from a | lower basal
thermogenic activation of the tissue, since cold-induced
changes_paralleled those seen 1in lean mice. qusequently ‘
the reéponse to cold is concluded to be normal in these
animals. Cold exposure caused a large stimulation- of BAT
5'DII activity; this increase was initially delayed and
gttenuated in GTG—obesé mice, but within 24 hours
approximated that seen in ‘legn animals. ‘ In both types of
mice 5'DII activity was maximal by 12 hours gf cold
exposure, and returned to normal levels by 2 weeks. This
time course éontrasted with the maximum thermogenic capacity
(elevated protein cortent and GPP binding) seen at 2 weeks,
agaln suggesting an independent regulation of {these two

measures of BAT activation state.
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CHAPTER 1

INTRODUCTION .

Energy balance can be simply defined as the palance
between energy intake and energy expenditure. For ‘any
animal, the size of the body energy stores is dependent on
the relationship between these components. If expenditure
exceeds intake, an animal enters a statelof negative energy
balance; and must draw upon body reserves to supply the
dail§. energ& requirements. Conversely, if intake exceeds
expenditure, a state of positive energy balance is said.to
exist- the animal will store its excess energy as fat and

eventually will become obese. Despite the obvious potential

_ for wide wvariation, bbdy weight and energy content are known

to remain remarkably constant in adult animals of many
species;/ thouéh food availability and energy demands may
vary grj;tly (Le Magnen, 1983). In.the past several yea{%,
extensive study of this phenomenon has suggested that bo&y
energy stores are actively maintained through a complex
regulation of both energy intake and energy expenditure (Le
Magnen, 1983, Sullivan and Gruen, 1985). .
Implicit in our understanding of energy balance
regulation is the concept that abnormalities in body energy
storés‘mgy result from defective control of either or Eoth
~

components of the equation. 'Thus, in any study of obesity

an evaluatior’ of all components of the energy balance. is

/")
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required. While the intake side of this balance consists of
a single_ variable, thaf of the food -ingested, energy
expenditure is the result of several processes. Because the
energy metabolized by an animal appears as heat, these can
be assessed by measurement  of thermogenesis (Lloyd et al,
1978). Thus: thelcomponents of thermogenesis, and tnggfore
of energy"expeﬁditure, fall into two broad categories. The
first is obligatory thermogenesis, which results £rom the
processes which are essential to'%aintain the integfity of
the cell, those which involve the maintenance of a warm-
bloocded state, and those whiqh are essential for the
procéssing of food (Himms-Hagen, 1983). Obligatory
thermogenesis occurs at all times and in most tissues of the
living aﬁimal. The second component is facultative
thermogenesis, which can also be further classified into
three main tcategories: exercise-induced thermogenesis,
associated with voluntary activity of the animal, shivering
thermogenesis, which occurs at . temperatures below
thermoneutrality, and non-shivering thermogehesis (NST),
which occurs in response to both c¢eold and ovéreating. In
contrast to the obligatory component, the processes involved
in facultative thermogenesis are regulatea on a moment-to-
moment basis, according to prevailing circumstances (Himms-
Hagen, 1985a).

The principal site of NST is brown a?ipose tissue (BAT)

{Foster and Frydman, 1978, Rothwell and Stock, 1979,
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Girardier, 1983). while exhaustive studies in ‘obese
individuals and obese animals have failed to pinpoint a
specific defect in the components of obligatory
thermcgenésis, or in the energy expended for physical
activity, the possibility that an abnormality.in NST could
contribute co the development of obesity has been discussed
for many vears {Himms-Hagen, 1979, and references therein).
Although a role for BAT in NST of rodents, hibernators, and
newborn hammals was recognized 1long ago, because of the
small size of‘£his tissue (usually 1less than 1% of body
weight) the remafkablé thermogenic capacity of BAT, and thus
its potential contribution to energy expenditure was for
many years overlooked (Rothwell and Stock, 1985). However,
the findings +that BAT thermogenesis may ‘under certain
conditions account for as much as one third of overall
metabolic rate (Foster, 1984), that BAT is the site of diet-
induced thermogenesis (DIT) (Rothwell and Stock, 1979) and
that BAT thermogenesis is defective in several genetically
and experimentally obese animal models (for reviews see
Himms-Hagen, 1983, 1984a, 1984b, 1985a) has led to our
current concept that thermogenesis in BAT can servé as an
enerqy buffer, and that a defect in this process can
contribute to the development of obesity.
'Brown adipose is morphologically and functionally

distinct from white adipose tissue (WAT). BAT occurs in

discrete depots which vary somewhat in Jocation and
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appearance, depending_ upon the species studied. Commdn
sites include the interscapular, subscapular, axillary and
intercostal regions, and along the major blood vessels of
the abdomen and thorax (Smith and Horwitz, 1969, Himms-

Hagen, 1985a, Rothwell and Stock, 1985). Brown adipocytes

are multilcocular, containing discrete drops of stored
triacylglycercl, and are packed with many large
mitochondria.

It is a unique proton conductance pathway within BAT
mitochondria which bestows upon ‘the tissue its thermogenic
capacity (La Noue et al, 1986, Nicholls, 1974, 1976, 1977,
Nicholls and Locke, 1984). Activation of this pathway
allows reversible uncoupling of respiration from ATP
synthesis by permitting dissipation of the proton
\electrochemical gradient generated by electron transport.
Thus, free energy derived from the‘ oxidation of substrate
(principally fétty acid) is not stored as ATP, but rather is
rgleased as heat. Mitochondrial uncoupling appears to be
regulated by the intracellular concentration of fatty acids
{Bukowiecki, 1984, Nicholls and Locke, 1984), which
therefore act both as substrate and iﬂtracellular stimulus
for this procesé. The mechanism is dependent upon a unique
protein of molecular weight 32 kDa, located within the inner
mitochondrial membrane (La Noue et al, 1986, Nicholls, 1974,
1976, 1977, Nicholls and Locke, ¥984). variously known as

nucleotide binding protein, uncoupling protein (UCP), 32,000
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‘Mr protein and thermogenin, (herein referred to as UCP),

this protein has been isolated (Lin and Klingenberqg, 1982)

and an immunoassay for it develoged (Cannon et-'al, 1982,

Lean et al, 1983, Ricquiér et al, 1983). }

| NST in BAT is under two distinct forms of regula;ion;-
these may be referred to as acute and trophig. The acute

response of the BAT adipocyte refers to the extent to which
its capacity & thermogenesis is utilized at any one
ﬁoment. This response has been characterized; for detailed
information the reader is referred to several available
reviews (Nicholls and Locke, 1984, Nedérgaara and Lindbergq,

1982, Himms-Hagen, 1983, 1985a). Briefly, acute thermogenic

activation of BAT is under the control of noradrenaline (NA)

released from sympathetic nerve terminals supplying the
tissue. Through an action upon R-adrenergic receptors
present on the plasma membrane, NA stimulates the activity
of adenylate cyclase, increasind cytosolic cAMP levels and
resulting in the gctivation of several pfotein kinases. One
of these kinases, {as yet unidentified), catalyzes

phosphorylation of a hormone sensitive lipase, resulting in
liberation of free fatty acids. With the accunulation of
free  fatty acid the mitochondrion is released from
respliratory control.' Consequently, a high rate of gubstrate
oxidation becomes possible ihdependent of the ﬁeed to
phosphorylate ADP, and the free energy produced in this

process is released as heat.
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while the acute thermogenic ?esponse of BAT can vary
from moﬁent to moment, the maximal capacity of an animal for
NST varies with a time course of days, and is dependeﬁt upon
developmental status, thermal environment, énd dietary
intake. Thus, an éﬂamal responds to its surroundings by
developing‘g maximal thermogenic capacity consistent with
its requirements. , An adéptive change in the thermogenic
capacity of BAT has béen termed the trophic response, and
occurs after prolonged activation of the sympathetic nerve
supply to the tissue (Barnard et al, 1980). The resulting
increased thermogenic capacity may arise due to Both
hyperplasia of the tissue, via division of precursor
endothelial cells, and to an increase in cellular protein

and mitochondrial mass (hypertrophy) (Bukowiecki, 1984,

Bukowiecki and Collet, 1983). Mitpchondrial adaptations are

also observed; specifically a selective increase. in the
1evél of UCP can be measured (Ashwell et al, 1983,1984,
Ricgquier et al, 1984, Nedergaard et al, 1984, Falcou et al,
1985, Trayhurn et al, 1987). The capacity of BAT for such
noﬁ-mitcchondrial processes as glycolysis and lipogenesis
can also be . selectively regulated (Cooney and Newshoime,
1984, McCormack, 1982). Thus, an'increased‘thermogenic
capacity of the tissue is achieved through incréases in the
numbér of brown adipocytes, in the number of mitochondria
. per cell, in the concentration of UCP per mitochondrion, and

finally throuéh increases in the capacity to synthesize and
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supply.sdbitrate for oxidative metabolism.

The only quantitative method for fssessment of BAT
thermogenesis is by measurement of oxygen coﬁEhmption by the
various BAT deposits. This may be qccomplished through
measuremént of Blood flow using radioactive microspheres and
of arterial-venous differences in oxygen tension (Foster and
Frgdman, 1978, Foster, 1984). However,.because this method
is technically difficult, a number of in vitro techniques
have been developed to give a gqualitative index of
thermogeniﬁ staEe of BAT. The most commonly used of these
measures binding of purine nucleotide, usually guanosine 5'-
diphosphate (GDP), to isoclated BAT mitochpndria (Nicholls,
1976). GDP bindiné is low in mitochondria from
thermogenically quiescent BAT, and increases rapidly when
the tissue ig acutely stimulated. The UCP has one purine
nucleotide binding site per dimer, located on the outer
surface of the inner Titochondrial membrane (Nicholls and
Locke, 1984) ~and changes in GDP binding have been
interpreted to represent unmasking and remasking of these
site;, since.they occur rapidly, do not require protein
syntheéis, and exhibit a diurnal variation‘ (Brooks et al,
1982, Bryant et al, 1983, Desautels and Himms-Hagen, 1979,
Rothwell et al, 1983b), Unmasking of GDP binding sites in

. B
stimulated BAT mitochondria appears to result from changes

in matrix water volume and swelling of mitochondria in the

thermogenically active tissue (Nedergaard and Cannon, 1987)
™
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The manner in which changes in BbT activity levels give ri;e
to changes in mitochondrial watef ‘volume 1is, however,
presently unknown.

Although some workers (Cannon, Nederg and Sundin,

1981) have equated the magnitude of GDP bindipg with the
amount of the UCP, this is not correct. The eXtent of
binding is not directly related to thé concentration of this
protein, but is a function of both the concentration of
binding sites and of the extent to which the sitt; are
exposed and accessible (Himms-Hagen, 1983, 1985; Trayhurn et
al, 1987).

B?Fh acute thermogenic activation and the tfophic
response of BAT are under tﬁe control of NA. In many
species, activaﬁion of*aympatﬂetic nerve terminals supplying
BAT, as assessed by measurement of noradrenaline turnover
(NATR), - is promoted by two environmental stimuli. ' The most
_effecﬁive,of these is gybjection to cold, that is, to an
ambienpjfgmperature' below thermonéutralitv {Young et ;l,
1982). If such .a procedure is carried out for a short
period of time, for example less than 24 hours, an animal is
considered to be acutely c¢old exposed, and.under\normal p
circumstances will activate gold-inducéd thermogenesis (CIT)
through sympathetic stimulation of its BAT. In this
situation an increase in GDP binding to isolated BAT
mitochondria can be observed in the rat within 2.5 hours
(Trayhurn et al, 1987). This increase is believed to result

mainly from the pfocess of unmasking, since changes in GDP

-
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binding: can be measured prior to any change in the
concentration of UCP. When an animal is subjected to cold
for -a loﬁger period, such as tﬁo weeks, the resulting
pfolonged sympathetic stimulation produces the trophic
changeé described above (Bukowiecki and Cbllet, 1983).
Under these conditions, the animal is consi&ered to be cold
acclimated, and the increased GDP binding <to BAT
mitochondria which it disp%ays is presumably due to both an
initial unmasging, andeo the subsequent trophic increases
in total UCP (Travhurn ‘et al, 1987, Ashwell et al, 1983,
Ricquier et al, 1984). .

A second stimulus for thermogenic.activation of BAT is
overeating. While food intake is normally closely regula;ed
in laboratory animalf, hyperphagia can often be induced by
provision of a ‘"cafeteria diet", consisting of highly'
palatable (tasty) food - items which are varied daily
{(Rothwell and Stock, 1979, 1983a). When such hyperphagia
occurs, sympathetic nervous\\system activity to BAT is
stimulated (Younq et al, 1982). prthe treatment is
prolonged, the tissue will grow and exhibit an increase in
UCP content ., (Falcou' €t al, 1985, Ashwell et al, 1984,
Nedergaard et al, 1984}. This increase is, however, much
smaller than that attained by cold acclimation, probably due
to a weaker and iess constant stimulation of the s&mpathetic

nervous system brought on by diet (Himms-Hagen, 1986).

Diet-induced thermogenesis (DIT) serves to limit the
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development of obesity in the hyperphaglc animal, since much
ogr the excess food energy is dissipated as ﬁeat.. In
addition it allows an increased intake of an unbalanced
diet, such that an animal may overeat to meet its
requirements for specific nutrients while minimizing obesity
due to excess ene consumpzion. DIT may also contribute
to the maintenanﬁé;jz euthermia in animals which are exposed
to cold.

Central nervous mechanisms which control  BAT
thermogeneeis are those which act via its sympathetic nerve
sﬁpply. These mechanisms are integrated with regulation of
both thermogenesis and energy expenditure (Himmsigegen,
1985a). An important role for the hypothalamus in this
process“has been suggested by a variety of different
stimulation and lesioﬁing techniques (Perkins et al, 1981,
Niijima et al, 1986, Rothwell and Stock, 1982a, Coscina et
al, 1985, Hogan et al, 1983, 1985, for example). Activation
of BAT thermogenesis by stimulation of the ventromedial
' reglon of the hypothalamus (VMH) ; and the absence of DIT in
VMH-lesioned animals have pointed to .this area as the
primary central regulator of BAT activation 1in response to
diet. CIT, on the otPer hand,‘is usually normal in VMH-
lesioned animals (Hogan et al, 1982, for example), and
appears to be regulated through different hypothalamic

areas. These are not yet well defined.

Although many aspects of BAT thermogenic regulation are

v
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similar in the various species studied, in other parameters
considerable fpecies difference has been observed. ' An
imﬁgrtant example of this statement exists in the
contrasting adaptivé responses of food-restricted rats and
mice. When the food supply of a rat is limited, the BAT of
this animal becomes thermogenically quiéscent and begins to
atrophy. This is refl®cted in a decreased protein content
and reductfon in GDP binding (Rothwell and Stock, 1982).
Thus, under conditions of 1limited food supply, Fhe rat
conserves food energy by suppressing both BAT thermogenic
activation and the thermogenic capacity of .the tissue. In
the mouse, on the other ‘hand, BAT @oes not atrophy with food
restriction; indeed it is sometimes found to grow (Himms-
Haéen, 1985). Nonetheless, GDP binding is reduced in this
animal, as is BAT sympathetic activation (Zaror-BehrensJand
Himms-Hagen, submitted).

In attempting to understand this apparent paradox, one
must first consider the ability df the mouse to undergo
daily torpor, a metabolic strategy utilized by several
species of small size for conservation of energy {Hudson and
Scott, 1979, Webb et al, 1980, 1982). Due to the large
surface to volume rat16 of these animals and to the
consequent accelerated rate of heat loss, the energy cost
for haintaining euthermia 1is proportionately ‘much greater
than that experienced by ‘1arger organisms (McNab, 1983).°

Thus, when energy supplies are scarce, or when a reduced
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ambient temperature increases the rate of heat loss, thé'
mouse méy resqFt to torpoi and thus will undergo a temporary
departure from euthermia. 7" By decreasing the increment
between body surface and ambient temperatures, the rate of
heat loss, and therefore of-energy ekpenditure} is reduced.

while the reduction in body temperature (Tp) observed in
torpid animals varies with the need to conserve enerqy,
torpor has arbitrarily been defined as the maintenance of a
Ty of Bi °C or lower (Hudson and Scott, 1979). This level
was choseﬁ in order <that drops in body temperature due to
random periods of inactivity-could be differentiated from
true bouts of torpor. These may last for several hours each
day, and often occur in the early morning. In contrast to
the extremely low temperaﬁures often reached during
hibernation, Tp seldom falls below 15 °C during torper. As
well, torpid animals undergo spontanecus daily arousals
which vary in frequency and duration according to the energy
balance.  These arousals -Tilow periods of euthermia during
which animals are active and)can feed. )

During periods of torpor a low Ty is achieved through
reduction of thermogenesis in BAT and other organs; thus BAT
thermogenic activation, as assesseq by_ the GDP binding
techniqué, is suppressed in torpid mice (Himms-Hagen,
1985b). Measurement of GDP binding during arousal from
torpor .has suggested that this process may occur througf/ .

increased BAT thermogenesis, probably mediated by a
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transient sympathetié stimulation. These findings may
explain the reduced thermogegic act;vation but normal BAT
growth 'observed in food—festricted ‘mice. Though BAT
thermogenesis is suppreésed during periods of torpor, a
dag}y stimulation of the tissue during the arousal process
maylallow maintenance of a normal or increased amount of the
tissue. Thus; like ﬁhé rat, the food-restricted mouse
conserves energy during periods of forpor by.supprefsing
‘thermoéenesis in BAT and other organs; unlike the rat,
however, it must maintain its BAT in a state that is capable
of switching on thermogenesis and precipitating aroﬁsa&.'
Interestingly, studies of UCP caﬂcentration in mice fasted
for 48_hour§ haveXYielded.conflicting results; in one case a
decrease was observéd (Trayhurn and Jennings, 1986) while in
another no‘change in the concentration of this protein was
detected (Desautels, 1985). UCP levels in chronically food-
restricted micg have“not been reported.

Although BAT 1is not a site of thyroid-induced
thermogenesis (Himms-Hagen, 1983a, "Rothwell and .Stock,
1984), thyroid hormone is known to be essential for
thermogenic activation of the tissue (Triandafillou et al,
1982). This"action results from enhancement of - BAT
adipocyte gonsiveness to catechqlamines, through
modulatiorf/'::s the response of adenylate cyclase to
catecholaming, of the lipolytic response to caMP, gnd of th?

mitochondrial - thermogenic response to free fatty agids

J
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1,1984)/ Given the importance “of thyroid

(Sundin et
hormone in the \thermoggnic proqess,_;t is hardlﬁ sufprising
that BAT can produce its own active thyroid hormone, 3,3',5-
triiodothyronine (T3), from thyroxine (T4) (Lecnard et al,
1983, sSilva and Larsen, 1583}). ‘Generation of T3 s
accomplished by means of a specific r5'-deiqdinase (BAT
5'DIT), which différs in its properties from a related
enzyme in liver and kidney. Thus, the BAT 5'DIT is
insensitive to inhibition by propylfhiouracil (PTU), is
‘activated by dithiothreitol (DTT)‘in a sequential mechanism,
has a ‘lower Km for T4 than for 3,3',5'-triiodothyronine
(rT3) and is increased by hypothyroidism (Kaplan, 1980,
Silva et al, 1982).

Recent studies have indicéted. that BAT 5'-DII activity
is greatly eleﬁéted by acute cold exposure, through action
of noradrenaline upon aq-adrenergic receptors (silva and
Larsen, 1983). During periods of cold~induced sympathetic
stimulation, BAT . appears to rely upon locally-produced Tj,
rather than upon Ty derived from blood stores (Bianco and
Silva, 1987a, 1987b, Bianco and Silva, in press). Indeed,
in cold exposed rats and hamsters, T4 deiodination within
BAT may Ibe an important source of T3 for the general
circuldtion (Kopécky et al, 1986, Fernandez et al, 1987,
Silva and Larsen, 1985). It 1is of note that cold-induced
activation of BAT 5'-DII 1is defective in two models of

genetic obesity, the genetically obese (ob/ob) mouse (Kates
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and Himms-Hagen, 1985)/and the Zucker (fa/fa) rat (Wu et ai,
»1987). Moreover, boE% of thesé animals fail to activate BAT
thermogenesis and succumb to hypothefgég when acutely cold
exposed (Kates and Himms-Hagen, 1985).
Given the mechanism through which BAT 5'-DII-activation
“joccurs, one wduld expect that treatments which eghance
sympathetic activity in the tissue must also enhance the
activity of this enzyme. At the time the present work was
" undertaken, the effect of dietary treatment upon BAT 5'-DII
activity was not known. It has since been reported .that in
rats, despite its action to stimulate sympathetic activity,
cafeteria feeding either decreases, or is without effect
upon BAT 5'-DII activity (Kopecky et al, 1986, Wu et al,
1987).' The mechanism by which sympathetic stimulation
results in 5'DII activation in one‘situation, but is witﬂbﬁt
effect in the other is presently not clear. This phenomenon
will be further dealt with in the discussion.

While a number of com nents contribute to energy
expenditure, in higher azimals the other siderdf the energy
balance equation cbnﬁtéts of a single variable- that of
food intak%; Although feeding behavior is now generally
regarded éﬁ a regulated entity, the mechanisms threugh—~which
this regulatién is accomplished are not yet weli understood.
Certainly a large number of/ variables, both central and
peripheral, appear to be invplved. A ‘role for the

hypothalamus in the central control of food intake was first
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suggested more than 100 vyears ago, with a description of
obesity related to a bréin tumor in the .region o£ this
structure (mOhr, 1840 in Morgane, 1979). Nearly 100 years
later, lesions of the hypothalamus were first couylusivelv
established to result in obesity (Bailey and Bremer, 18%21).
Subsequent observation that electrolytic destruction of the
Qentromedial hypothalamus (VMH) resulted in a syndrome of
hyperphagia and obesiﬁy (Hetheringéon and Ranson, _1939,1940)

-and that 1lesions of the lateral hypothalamus resulted in

reduction of food intake (Anand et al, 1951) formed the

b@sis for the fgual cEnter hypothesis" (Stellar 1954). This
theory proposed that the motivation "to eat or not to eat"
resided in a "feeding center" in the lateral hypothalamus
and a "satiety éenter" in the VMH, and that the amount of
feeding behavior was @ function of the amount of activity
built up in these areas. The observations that electrical
stimulation bf the VMH could suppress feeding in hungry rats
(Anand and Dua, "1955), while stimulation of the LH could
cause feeding in satieted rats were seén as suﬁporting this
idea.

Over the 1last 10 years, a “number of observationslpave
suggeéted that Stellar's dual-center theory 1is overly

simplistic. For one thing, alterations in feeding behavior

produced by lesioning cannot be unequivocally attributed to

actions of the hypothalamus, since this structure is the

site of many pathways and "circuits" to and from other brain

el



. =17-

areas (Morgane, 1979). Similarly, 'stimuiation of regions
outside the hypothalamus can give rise to the same types of
changes that result from hypothalamic stimulation (Sclafani
and Kirchgessner, in press);j Thus, the dual 'Eenter
hypothesis has given way to otﬁér theories which suggest a
less autonomous role of the hypothalamus in the regulation
of food intaké, and a greater involvemént of surrounding
braih areas. Currently, the hypothalamus 1is viewed as an
important integrating and'relay station for coordination of
signals arriving from the periphery (chemo- and stretch-
receptor signals from the gut, neural fnd metabolic signals
from the 1liver, and hormonal and metabolic signals from the
circulation) and from higher brain centers (Morgane, 1954,
Sclafani and Kirchgessner, in press).

While a well-defined syndrome .of hyperphagia and
obesity resulting from media; hypothalamic (MH) lesions has
in the past been attributed to destruction of the
ventromedial nucleus (VMN) (for reviews see Sclafani, 1984,
Sc;afani ~and Kirschgessner, in press), more recent
experiments employing precise knife-~cut techniques have
suggested that MH lesions produce hyperphagié by destroving
fibers of passage just lateral to this nucleus (Sclaféni and
Kirsdhgessner, in press). These fibers are ﬁroposed to be
part of a common "feeding inhibitory pathwayﬁ, which passes
through the perifornical region of the hypothalamus, turns
medially just rostral to the VMN, and takes an as-yet ill-

defined path throught the brainstem. The hypothalamic focus
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of thié pathway may in fact be not the VMﬁ, but rather the
paraventricular nucleus (PVN) (Gold et al, 1977). In its
‘course through the brainstem, the putative feeding-
inhibitory paéh is believed to pass through the nucleus of
the solitary tract, the principal recipient of gustatory and
visceral afferent information {Torvik, 1956, Beckstead and
Ndrgren, 1979, lLeslie "et al, 1982). While the exact
terminus of the pathway is not vyet determined, the nucleus
of the solitary tract and the dorsal motor nucleus of the
vagus are implicated in this role (Swanson and Kuypers,
1980, Swanson and Sawchenko, 1983). Based on its structural
organization, it has been suggested that the PVN, with input
from other centers, may regulate feeding activity via the
feeding-inhibitory path by modulaticn of visceral and
gustatory afferent information at the level of the solitary
tract nucleus, and by regulation of sympathetic and
parasympathetic activity through ifs connections with the
spinal cord and the dorsal motor nucleus of the vagus
(Sclafani and Kirchgessner, in press).

Thus, it is possible that the various obesity-promoting
manipulations of the VMH, including electrolytic, knife cut
and chemical lesions, result from destruction of the
feeding-inhibitory pathway. However, the functional
sequence of events between lesioning and production of
hyperphagia is‘still far from clear. Some workers attribute

hyperphagia to a deficit in short-term saﬂtéty (for review
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see Storlien, 1985). Others have suggested that overeating
resﬁlts from an alteration in response to the orosensory
properties of food; this suggestion is based upon an
enhanced overeati%g response to "tasty" or "palatable" foods
and an exaggerated undereating‘response to unpalatgble foods
in VMH-lesioned animals (fér reviews see Graff and Stellar,
1962, Le Magnen, 1983, 1984, Storlien, 1985). A third
theory, termed the "autonomic-metabolic hypothesis",
essentially suggests that the VMH lesion instigates an
altered autonomic outflow which in turn produces a
neuroendocrine state conducive to overeating (Bray and York,
1979, Le Magnen, 1983, Storlien 1985). This theory is
supported by the occurrence of a characteristic
hyperinsulinemia in VMH-lesioned animals (Hales and Kennedy,
1964), by the fact that vagotomy blocks their hyperphagia,
hyperinsulinemia and obesity (Powley and Opsahl, 1974), and
also because’ lesion-induced reduction of sympathetic
activitv is observed (Vander Tuig et al, 1982). The second
and third theories have been combined as the "cephalic phase
hypothesis" (Powley, 1977), which proposes that VMH lesions
produce their major effects on feeding behavior by
heightening autonomic and endocrine responses triggered by
oropharyngeal contact with the food. Each of the four
theories presented here comes with many supporting and
(gantradictory observations; a more satisfying

characterization of the sequence of events between destruc-

Y
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tion of the feeding inhibitory pathway and the occurrence of
hyperphagia awaits further study. Furthermore, the
relationship between this pathway and other putative central
feeding-related systems (for references see Sclafani and
Kirchgessner, in press) remains to be clarified.

Among the many methods which have been employed for the
production of hypothalamic obesity is that of the
goldthioglucose  (GTG) lesion. . GTG administered
intraperitoneally was first shown to cause hyperphagia and
obesity in mice more than thirty yeiFs ago (Brecher and
Waxler, 1949). Evidence for a hypothalamic involvement in
the mechanism of action was obtained shortly thereafter,
with the demonstration of extensive hypothalamic¢ damage in
mice examined 2-3 days after GTG administration (Marshall et
al, 1955). Further study revealed that success in producing
the GTG obesity syndrome is dependent upon dose, with a
moderately reprodqpible relationship between incidence of
obeéity and mortality rate (Liebelt et al, 1960, 1966). The
degree of obesity attained by lesioned animals is influenced

by species and genetic backgroung {Brown and Viles, 1983,.
Liebelt et al, 1960).

The administration of a necrotizing dose of GTG produces
a characteristic 5yndrome of obesity, which results from
abnormalities in both energy intake and energy expenditure.
This syndrome can be roughly divided into three stages. A

first stage of anorexia and weight loss lasts for 3-7 days
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(Debons,et al, 1982; De Laey et al; 1975) ang is attributed
to the acute toxlic effects of the drug. Thg initial weight
loss is succeeded by a 'dynamic" phase that is_distinguished
by welght gain and hyperphagia, and may persist for four to
six weeks. During this.pegiod, GTG-obese mice display t§e
following characteristids: serum levels of corticosterone
are normal (Saito and Bray, 1983) and mice retain an
essentlally normal glycemia and glucose disposal (Le
Marchand et al, 1978); however signs of impending insulin
.resistanc3 are present, including mild hyperinsulinemia and
slightly impaired muscle response to insulin (Le Marchand et
al, 1978). Approximately six weeks . af?§£§ GTG
administfation, mice enter the £inal "static" phase of the
obesity syndrome, at which time body weight stabilizes at
double or more the weight of controls, and food igzﬁke
returns %o normal levels (Gray and Liebelt, 1961). The
static phase is associated with marked abnormalities in
glucose regulation, including hyperglycemia,
hyperinsulinemia and insulin resistance {(Le Marchand et al,
1978). .Blood corticosterone levels are elevated, but only
'in the morning hours (Saito and Bray,- 1983).

When considered on an overall basis, GTG-cbese mice have
a faster growth rate than unlesioned animals; this is
reflécted in a greatér naso-anal length and increased body
proteinn(Hogan and ' Himms-Hagen, 1983, Brecher and Enger,

1954, in Sinha et al, 1975). As well, they have a greater



7, -22-

"bone mass (De  Leeuw, et al, 1981). The cause of their
faster growth ;s not known. Serum levels of.growth hormone
are reduced in GTG-obese mice, but stimulated secretion may
be greater than normal (?inha et al, 1975) and thus may be
responsible for . the incféased size of the mouse. Based on
thyroidal 1253 uptake and release techniques, thyroid
acti%ity‘iﬁ' GTG-obese mice has been reported as normal in
all phaseé of obesity (Schindler énd Liebelt, 1967). Serum
thyroid hormon; levels have not been studied.

‘The anatomical extent and severity of damage caused by
 GTG-administration varies between individual animals, but in
most cases several hypothalamic regions are involved. Thus,
GTG-induced/fiesions have been reported in the VMN,
supraoptfé nucleus (SN), the ventral part of the anterior
and lateral h?pothalamic area, the arcuate nucleus {AN), and
the median eminence (Marshall et al, 1955, Debons et al,
1970a, Kataocka et al, 1878). In addition, significant
damage has been reported at extrahypothal;mic sites

including the area above the optic chiasm, the hippocampal

commissure, the hindbrain at the level of the vestibular'

nuclei in the floor of the fourth ventricle, and in neurons
contiguous with the area postrema, including those in the
visceral sensory an dorsal motor - nuclei of the vagus
(Swartz et al, 1960, \Debons et al, 1962, Kataoka et al,
1978, Powley and Preqpt , 198¢6).

The mechanism by which GTG gives rise to selective

-~y
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lesidns and obesity is not resolved. Mayer (1955) and
lothers (Luby et al, 1981, for example) have proposed that
GTG is concentrated .at lesion sites by binding of the
- glucose moiety to specific- hypothalamic glucoreceptors. A
large number of observations support this notion:
hypothalamic neuroﬁs which Ehange their rate of firing in
response to altered glucose levels haQe been identified
{Anand et al, 1964, Oomura and Yoshimatsu, 1984); the
glucose moiety of GTG \iﬁijéssential‘ for production of
hypothalamic lesions- other .gold-fhio compounds (eg gold-
thiomalate, gold-thiosorbitol) are readily taken up by brain
tissue, but fail to cause necrosis, hyperphegia or chesity
(Mayer, 1960); similarly, after GTG injection, gola is
found'throughout the brain and alse in non-brain regions,
yet lesiong are confined to the sites described above
{Debons et al, 1970a, 1970b); - compounds which inhibit
glucose uptake, such as phlorizin (Brown and Viles, 1982),
and 2-deoxy-glucose (Likuski et al, 1967) prevent GTG
" necrosis; moreover, GTG lesions are blocked in
streptozetocin-diabetic aéimals, while sensitivity 1is
restored when these mice are sup?lemgnted with insulin
(Debons et al, 1968,1969). In fact, studies of tﬁe
mechanism of action of GTG have indicated that- in contrast
to the brain as a whole, in the ' hypothalamus and certain
L

extrahypothalamic regions there is an insulin-dependent

mechanism for uptake of glucose.
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While the w5p-itial effects of GTG damage are thouqht to
center around specific glucorecep\bx# neurons,, the regions
which eventually undergo necrosis are functionally and
anatomically heterogenous (Debdns et al, 197%a). It has
been suggested that initial uptake of GIG by  glucose
sensitive neurons results in release of serotonin, which in
turn‘causes damaée to adjacent capillaries (Debongiet al,
1979, and references therein). vaséular ‘damage and the
resuling ischemia are ¢hought to be responsible for the
necrosis of surrounding hypothalamic regionst

While damage to hypothalamic glucoreceptive meurons has
been proposed to account for the altered feeding behavior of
the GTG-ocbese mouse, it may be that the hyperphagia‘of this
animal is due to destruction of the putative feeding-~
1n;;bltory pathway. Certainly, lesions which may have their
focal point in the VMN nonetheless ex%end into adjacent
regions, through which this path is thought to run. As
well, at least two extrahypothalamic sites of GTG-induced
damage occur in brain regions which- appear to be- important
components of the feeding inhibitory pathway- these are the
nucleus gf the sol%tary é%Lct and the dorsal motor nucleus
of the vagus (Powley and Prechtl, 1986). It is of note that
the degree of obesity attained by lesioned animals has been
correlated with the extent of hypothalamic damagé (Liebelt
’et al, 1960, 1966). This finding may indicate either that a

large lesion causes'greater damage to an anatomically
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diffuse pathway of feeding-inhibitory neuréns, or that a
large lesion causes damage of ﬁore than one system involved
in the control of food intake. A number of systems in
addition to the feeding- inhibitory pathway are thought to
exist (Sclafani and Kirchgessner, in press)

Although hyperphagia was for many years regarded as the
primary cause of obesity in the GTG-lesioned mouse, the
increased food intake demonstrated by these animals does not
eritirely account for their enhahced weight’ gain. The
duration and magnitude of hyperphagia in GTG-obesity is
vitiable, and aprears to be influenced by a number of
factors, including type of diet, environmental temperature,
and age of animals when 1lesioned (De Laey e£ al, 1975).
Although successfully-lesioned mice invariably become obese
the period of hyperphagia may range _frbm as little as 3-4
days (De Laey et al, 1975) to as long as a month (Djazayery
et al, 1979). 1In fact, when considered on a cumulative

basis, and accounting for greater body size, GTG-obese mice

" are sometimes reprtgd as normo- or even slightly hypophagic
.

(Djazayery et al, 1979). Moreover, GTG—les%Ened mice fed a

restricted diet gain more weight and become more obese than (/

unlesioned animals fed the same amount of food (Zaror-
Behrens and Himms-Hagen, 1%84). Therefore, the obesity of
theséianimals_ must be ascribed not only to increased food
intake, but also to a decreased energy expenditure. Indeed,

GTG-obése mice housed at 27 °C are reported'to.have a
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metabolic efficiency that is four'timgs that of unlesioned
mice, and a significantly .1ower oxygen consumption when
expressed per metabolic body weight (Djazayery et al, 1979).
Thus, it is plain that the obesity of this animal develops
not only from its hyperphagia, but from alterations in both
sides of the energy balance eéuagion.

In all studied models of genetic or hypothalamic obesity
(ob/ob mouse, fa/fa rat, VMH-lesioned rat), increased

metabolic efficlency has been associated with defective

control of BAT thermogenesis or growth {Himms-Hagen, 1985).

Such a defect has alsoc been suggested in the GTG-obese

mouse. In the dynamic phase of its obesity, the BAT of this

animal is relatively inactive at temperatures close to
thermoneutrality (Hogan and Hiﬁms-Hagén, 1983). During the
same period, GTG-obese mice have been found not to activate
either BAT thermogenesis or sympathetic activity in BAT when
fed a péEEEable cafeteria diet ‘(Hogan and Himms-Hagen, 1983,
Zaror-Behrens and Himms-Hagen, 1984). Thus, a lower basal
activity of BAT and a reduced diet-induced thermogenesis are
believed to contribute to the high mgtabolic efficiency and
obesity of the GTG-lesioned mouse.

The cause of thé apparent lower basal thermogenic
activity in BAT of the GTG-obese mouse is unknown. One
possibility is that this characteristic is maintained

through an action of the adrenal glucocorticoids, since

corticosterone is known to have a suppressive effect on BAT

~
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thermogenesis. In lean mice, systemic administration of
large doses of cortico;terone results'in reduced GDP-binding
to 1isolated BAT mit&chondria, meanwhile producing the
7 hyperphagia, bbesity; and increased metabolic 'éfficiency
typiéai of.genetically obese or lesioned animals (Galpin et
al, 1983). In the geneticall& obese (ob/ob) mouse, elevated
serum corticoéterone- levels are associated with low
thermogenic activation of BAT; adrenaléétomy produces an
elevated GDP-binding in this énimal (Holt and York, 1984).
AsS well, BAT thermodénic functionh ié improved by
‘adrenalectomy in the fa/fa 2Zucker rat (Holt et al, 1983).

The mechanism by which corticosterone mediates
suppression of BAT thermogenesié is not well defined;®but
may involve aJcentrél effect upon sympathatic nervous system
activity, siﬁce adrenalectomy has been shown to increase the
normally low noradrenaline turnove; rate of ob/ob and fa/fa
animals (Vander Tuig et al, 1984, York et al, 1985). As
well, thig effeqt appears to be specific for the center
controlling dietLinduced thermogenesis, since cold-induced
BAT thermogenesis occurs normally in corticosterone-treated
animals zGalpin et al, 1983).

In contrast to the genetiéally obese mouse, but similar
to the fa/fa rat, éorticosteroge levels remain normal in the
GTG-obese mouse until its obesit& is well advanced (Saito

and Bray, 1583). Nonetheless, the gdrenal glucocorticoids

are essential for the development and maintenance of obesity
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in this animal. ~In the dynamic stage, adrenaleétoﬁy {Debons
et al, 1982) and hypophysectomy (Powley ahd Plocker, 1980,
Debons et al, 1982b) block the hyperphagia, weight gain and
cbesity produced by the GIG lesion, whilé in the static
phase, adrenalectomy produces 'angrexia, welght loss, and
eventually death (Debons et al, 1983). In both cases,
hyperphagia and obesity are restored by intraperitoneal
administration of corticosterone or .other glucocorticoids,
though not by deso;;corticosterone (Debons et al, 1982).
Similar levels of supplementatidn are without effect on food
intake or weight gain dé unlesioned adrenalectomized animals
(Debons-et al, 1982). Thus, although qorticosterone levels
are essentially normal in the GTG-lesioned mouse during the
period of rapid weight gain, the above observations suggest
that an abnormally high sensitivity to the glucocorticoids
could be present in this animal.‘ Again, the site of action
of corticosterone apﬁears to reside in the central nervous
system, since intraéerebroventricular administration of
minute amounts of this hormone restores the hyperphagia and
obesity of adrenalecﬁomized GTG-obese mice, whereas systemic
injection of similar amounts does not (Debons et al, 1986).
It is possible that a central sensitivity to the adrenal
gluporticoids is normally antagonized at the 1level of the
VMH; and that this antagonism is absent in the GTG—iesioned
mouse (ﬁ&mms-ﬂagen, 1985a). If this is the case,

suppression of BAT thermogenesis could occur through the
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actio;\of corticosterone, notwithstanding the normal sefum :
levels of this hormone, and could result in the reduced body
temperatures observed in food-restricted GTG-obese Qnimals.
Similarly, enhanced sensitivity to corticoé;erone has been
reported in the fa/fa Zucker rat (Freedman et al, 1986f and
~~the ob/ob mogi? (Tokuyama and .Himms-Hagen, 1987) and is.
associated with abnormal thermogenic function in these
animals. T
With respect tolthe abnormal DIT of the cafeteria—fc_a\i‘:5 ‘
GTG-obese mouse, the site of the defect is presumably at éhe
level of the lesioned hypothalamus, and has been proposed to
result from an interru on of neurél pathways between the ‘
reception of signal def:i:§ from the diet and sympathetic
innervation -of BAT (Hogan and Himms-Hagen, 1983). The.
tissue itself appears to be undamaged, since isolated BAT
mitochondria have a normal ultrastructure and can undergo
thermogenic activation in the cold (Hogan and Himms-Hagen,
1983). However, BAT of the GTG-oBese mouse grows normally
with cafetg?f% feeding, and in fact develops a greater mass
than that of control. This observation is surprising, sipce'
sympathetic stimulation, usually considered to be the
primary stimulué of BAT groﬁ%h {(Desautels and Himms-Hagen,
1979), appears to be absent in the cafetérga-fed GTG-obese
mouse (Zaror-Beprens and Himms-Hagen, 1984). It is
conceivable_that the larger mass of BAT i1s a consequence of

the overall faster growth of this animal Héﬁever, 3 weeks
l ’
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of“éafetgria feeding has been shown to increase the overall

- 3 - _
growth rate of both lean and GTG-obese mice by approximately

2%, whereas BAT protein .is increased by 2{% in lean mice and
35% in GTG-obese mice {Hogan and Himms:Hagen, 1983).  The
above explanation therefore does not account for the effect
of éafeteria feeding to increase the size of. BAT above that
seen in chow fed GTG-obese mice. Alternatively, it may be
that sympathetic stimulation in BAT of the GTG-obese mouse
is activated by cafeﬁeria feeding, but only for part of each
day. Reported measurements of thermogenic and sfmpathetic
activation have all beenlperfbrmed in the early part—of the
light phase, when thermogeni& activity is expected to be at
a minimum (Rothwell and Stock, 1983),

Par% of‘ the increased metabolic efficiency of the GTﬁ-
cbese mouse appears to result from its ability to
thermorequlate at a reduced body temperature when fed chow
or restricted diet. Thus, these animals maintain a lower
body temperature than their lean counterparts for a large
proportion of each day. While the reduced basal thermogenic
activity in BAT is 1likely to account for at least part of
the hypothermia in chow-fed GTG-obese mice, the involvement
of BAT in the altered thermoregulation of food-restricted
GTG~obese mice has not been characterized.

Because of the high metabolic efficiency observed in
GTG-obese mice, it 1s surprising that these animals have

been described as "resistant" to torpor (Webb et al, 1982).
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GTG-obese mice have been reported to maintain euthermia even
when deprived of food for 48 houné, while under thé same
conditions, lean mice enter torpor readily (ﬁebb et al,
1982). However, in this repor%, mice were normally fed ad
libitum, and were obese at the time of <the fast. More
recently: it has been observed that GTG-obese mice fed a
restricted amount of diet in the -early afnernoon display a
regular morning torpor, as do lean mice fed in the same way
(Zaror-Behrens and Himms-Hagen, submitted).  In this study,
restricted feeding was begun immediately after lesioning,
therefore minimizing the dévelopment of obesity.  As well,
temperatufe”grggordinds were -performed after 3 weeks of
restricted feeéing. Thus, tnere are %wo possible
explanations for the qiscrgpancy between these reports.
First, the tendency of thé GTG~obese mouse to become torpid
could well depend on its degree of obesity. As with
unlesioned animalé, restricted-fed GTG-obese mice may enter
ﬁorpor to conserve their 1limited energy reserves, while
obese animals could rely instead upon their large fat stores
to supply requirments Vduring a fast, as the same time
maintaining euthermia. Resistance of obese‘GTG-lésioned
mice to torpor would be in contrast to the oP/ob mouse,
which abandons euthermia reguiarly though massively obesé,
and does so even in the presence of food (Webb et al, 1982):
A second.possibiliQX.is that GTG-obese mice ma? require a

period of entrainment to a limited food supply in order to

r—\
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exhibit torpor. This period would be provided by a
. restricted feeding regime, but not by a 48 hour fast. In

any case, the demonstration of normally-occcurring torpor in
restricted-fed GTG-obese mice indicates that the mechanisms
inLolved in its control are intact, and in appropriate
circumstances‘are functional in this animal.
Thermogegulgtion has in the past been regarded as normal
in the GIG-obese mouse. Thus this animal maintains its body'
temperature and activates BAT thermogenesis when exposed to
mild cold (8 °C), (Hogan and Himms-Hagen, 1983) and
demonstrates a normal growth of the tissue during
acclimation toe this temperature. -Moreover, GTG-obese mice
have been reported to surviver acclimation to more severe
cold stimulus“(4 °C) (Davis and Mavyer, 1954). However,
though present, BAT thermogenic activation 1is lower than
normal in the cold-expGged GTG-obese mouse. This
observation, and the previously-discussed demonstration of
lower daily body temperatures in this animal, suggests that
a defect or alteration of thermoregulation may be present in

the GTG-obese mouse.
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STATEMENT OF THE PROBLEM

From the preceding discussion, it should‘be cléar that.
the obesity of the GTG-lesioned mouse results from
abnormalitiés of both energy intake and energy expendituré.
The latter component most certainly involves alterations in

the activity of BAT in this animal. Based upon the reviewed

findings, the objectives of the present work were the

following: -~

V 1. DIT is reportedly defective in the GTG-oheé% mouse,
an anomaly which is believed to contribute to its high
mgtabolic efficiency and obesity. Moreover, diet-induced
symﬁathetic stimulation has not been detected in this
animal. surprisingly, cafeteria feeding promotes a normal
growth of BAT in the GTG~obese mouse.

Previous studies have all been carried out in the early
part of the light phase, when thermogenic activity is liLely
to be at a minimum. Thus, it was the aim of the presgnt
work to see if sympathetic stimulation and DIT occur) in the

GTG-obese mouse at times not hitherto measured. Such a

_ finding would indicate that the reduced DIT of this animal

results from. an altered control of this component of
thermogehesis, rather than from destruction of the neural
pathways through which it is mediated.

The first objective of +this work, therefore, was to

assess the thermogenic state of BAT in cafeteria-fed GTG-
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cbese mice ‘at several times of day. A related objective was
to characterize the circadian rhythm of BAT thermogenic:
activity, not previously reported for mice.

2. GTG-obesg mice fed a restricted diet gain more
weight and become more obese thanﬁunlesioned animals fed the

same amount of food. Part of the metabolég efficiency of

.these animals appears .to result from their ability to

thermoregulate at a :reduced body temperature for a large

L

proportion of each day. THe contribution of an altered BAT

thermogenic activigy ﬁo the lower body temperature and high
metabolic efficiency of the food-restricted GTG-obese mouse
has not been characterized.

Thus, the second objective of this study was to assess
the thegxmogenic state of BAT of food-restricted GTG-obese
mice at §aricus times of day, specifically during torpor and
arousal from torpor. A subsidiar§ goal was to further
characterize the role of B#& in the arousal process.

3. Although thermoregulation has in the past been

regarded as normal in the GTG-obese mouse, the maintenance

"of a reduced dailly body temperature, and a smaller-than-

&4

normal cold-induced/activation of BAT thermogenesis suggests
that a defect or“altération of thermoregulation may be
present in this animal. ,

The third objective of this study was to compare the
time-course of activation of BAT thermogenesis in lean and

GTG-wbese mice, to determine whether the lesser activation

N
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f . 5 -
at the single time measured previously was due to a lower

peak (reduced thermogénic capacity), or a displaced peak
(delayed thermogenic éctivation).

4. The final objective of this.wbrk was to introduce
into the above studies an examination of the activity of BAT‘
thyroxine 5}-deiodinase, and thus to characterize the
effects 6f dietary manipulation and cold treatment on the
activity of this enzyme in mice. Since a marked reduction
in the cold-induced activity of 5'-DII has been demonstrated
in the genetically obese '(ob/éb) mouse' and the Zucker
(fa/fa) rat, a related goal was to find out whegaer a

similar defect might occur after GTG;induced~hypo£halamic

lesioning.
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ﬁ CHAPTER II
MATERTALS AND METHODS

‘PART X: MATERTALS
A: Animals

Female mice (leaﬁ homozygous, +/+) were obtained from
the CS57BL/6J colony at Jackson Laboratories, Bar Harbor, ME.
Experimental procedures were begun after mice had been
acclimated to holding conditions for at least two weeks.
Unless otherwise specified animals were housed at 26.5 °C in
~plastic cages with wood chip bedding, and had free access to
fgod (Purina Rat Chow) and water. Normally mice were kept
in groups ~ of three or four but were placed in individual
cages .for studies carried out at 4 or 14 °C. 1In all
experiments animals were maintained on a controlied lighting

schedule (12L:12D, lights on at 0600 hours).

B: CHEMICALS

Biochemicals, buffers, acids and other common reagents
were purchased from Sigma Chemical Co. énd Fisher
Scientific. [U—14C]-sucrose, 20.70. GBg/mmol, (560 mCi/mmol)
was obtained from ICN Biomedicals Canada. Other
radiochemicdls were purchased from Amershm;: [8~-

3H]guanosine 5'-diphosphate, ammonium salt, 418 GBg/mmol

(11.3¢i/mmol), [3',5'—125I]thyroxine, > 44 MBq/ug

1
.
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(1200uCi/uG) thyrokine, Amerlex™ total T and{T4 RIA kits-
Cation exchange resin (AG 50 W-X2 100-200 mesh) for the
thyroxine 5'-deiodigﬂse assay was obtained from Bfgrad.
Thyroid hormone-free normal human serum was purchased om

AMF Biologicals and Diagnostic Co.

C: DIETS

i. Cafeteria Diet Cafeteria-fed animals were offered
" five types of food presented in three different revolving
henuﬁ. Each menu consisted of Purina Rat Chow, chocolate

wafers, nuts, cheese and cookies. The type of nut, cheese,

or cookle was varied daily. Allotments of cafeteria diet

, 4
were provided at 1500h, and amounts were sufficient that

animals c¢ould choose any' food type ad libitum. Further
descriptions of cafeteria menus and nufrient compositioﬁ of

the various food items are given in appendix B.

2.° Restricted Diet Animals receiving the restricted
diet were fed Purina Rat Chow at 60% of the ad libitum level
of 1intake of 1lean, chow-fed controIs. _This level was
prewiously shown to minimize the develbpment ef obesity in
GTG-lesioned mice' and to promote early morhing torpor in
lean and GTG-obese mice (Himms-Hagen, 1985, Zaror-Behrens
and .Himms-Hagen, submitted). A%}.animals recgived_their$

rations each day at 1500h. This time was chosen rather than

-

i
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a point during ghe dark phase éo,that the effect of the meal

~on reéulation of body té@mperature and thermogenic“staég of
BAT could be examined .izdependently of the effects of the
lighting schedule.

-.-v—/“

PART II: METHODS

a——

-

a: ' GrG LESION
Animals arrived at 7-9 weeks of age and were housed és
described for two weeks prior to injection. At 9-11 weeks
\ of age, all animals were fasted overnight. In the morning,
/ mice chosen for GTG treatment were injected
intraperitoneally with 'a 7% solution of goldthioglucose
(aurothiocglucose, Sigma) in 0.9% saline. Food was returned
to animals immediately after;injection. The dosage used for
all experiments was 700 mg GTG/kg body weight. This level
was expected to give a survival rate of 90% and an incidence
of obesity of 65% (Hogan'and Himms-Hagen, 1983, de lLaey et
al, 1975). Success of lesioning was conflirmed by
measurement of growth rate. Animals were considered to be
"GTG-obese" if their rate of body weight gain 3-4 weeks
after injection exceeded three times the rate observed in

lean control mice.

B: MEASUREMENT OF FOOD INTAKE
'

Measurement of 24-hour food intake was performed twice

3 ' o

o
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per menu for cafeteria-fed animals and twice per week for

_ - 2 ,
échow-fed mice. Weighed amounts of food were given at the

usual feeding time and the uneaten portion was collected
twenty-four hours' later. Uneaten food was weighed after a
short drying period and intake.wﬁs calculated by difference,
with correction madéﬂ for loss of moisture in some foods.

Since animals were housed in groups of varying numbers
;

(usually 3 or 4) mean choric intakes were calculated per

mouse per cage, usigg published values for caloric chtent
and ngsrient composition of the different foods (Pennington
and Ch?rch, 1980, see appendix B).  These values were also
used to determing the proportions of protein, £fat and
carbohydrate consumed during each intake study. During food
intakes, cafeteria-fed mice were housed without bedding to
facilitate collection of uneaten food. Chow-fed-animals had

the usual wood-chip.bedding during these studies.

C: TEMPERATURE MEASUREMENTS

For all experiments, rectal .temperatures were measured
at the time of sacrifice with a Bailey Instruments ‘digital
thermocouple thermomeEEr, model BATan with a flexible
Teflon-sheathed microprobe. For experiment 1, temperatures
were  also recorded reﬁeatedly over a two week period, at
eight different time points. Disturbance of -mice at the
time of recording was minimized as much as possible and no

more than one measurement was made on any animal in a 24°
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hour period. During the dark phase (1800h-0600h) a_d;m
incandescent light was used. For experiment 3, temperatures
were recorded in the manner described above, except that
measuréménts were _made on each mouse at hourly in;ervals
until animals were removed from the cold.
ﬁ: ISOLATION OF BAT MITOCHONDRIA

Disturbance of animals prior to sacrifice was avolded as
much as possible, to minimize sympathetic stimulation
‘unreléted to experimental treatments (Depocas and Behrens,
1977):, Studies conducted during the dark. phase were
performed using a dim incandescent lamp. Animals were
.sacrificed by decaptiation, and blood was collected into
'chilled Eppendorf microcentrifuge tubes. h Inter- and sup-
scapular BAT. were quicklyf,removed_and placed in ice-~cold
isolation medium containing 0.25 M sucrose, 0.2 mM EDTA,»
(dipotassium salt), and 1 mM HEPES, adjusted to pH 7.2 with
1 M KOH. fissues were c¢leaned, weighed, minced with
scissors, and homogenized with isolation medium, using four
strokes of a glass/teflon homogenizer at 400 rmp.
Homogenates frbm éach animal were diluted to ten ml, and
aliquots were taken for later determination of protein and
thyroxine 5'-deiodinase activity. Remaining homogenates
Qere diluted to 42 ml, and centrifuged for ten minutes at

3000 rpm, using an HB-4 rotor in a refrigerated centrifuge

(Sorvall RC-5B, brake off). Subsequent isolation of BAT
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mitochondria was carried out as described by Slinde et al
(1975), except that sedirentation of combined supernatants
was performed in 14, rather than in 42 ml: tubes. Final
mitochondrial pellets were resuspended in a volume of
isolation medium suitable to give a protein concentration of
approximately 5 mg/ml. Mitochondrial suspensions were used

_immediately for measurement of GDP- binding. All samples

were maintained on ice throughout the isolation procedure.

E: PROCEDURE FOR MEASUREMENT OF GDP BINDING

The purine . nucleotide binding assay‘ developed by
Nicholls (1976) and modified by Desautels et al (1978) was
used to measure Linding of [3H]-GDP to BAT mitochondria.
Twenﬁy ul of freshly isolated mitochondria (apprdximately 5
mg protein/ml) were incubated for two minutés in the
presence or absence of 1 mM ADP in a mixture containinq.lmM
EDTA (disodium salt) 10 mM choline chloride, 20 mM TES, 100
mM sucrose, 4.7 uM rotenone, 100 uM atractyloside (sodium
salt), 0.19 pCi/ml [l14c]l-sucrose, and 0.72 uci/ml [3HI-GDP,
with a total concentration of 10 uM GDP. After incubation
samples were ceﬁ%rifuged for 2 minutes at 12000 rpm in an
Eppendorf microcentrifuge. The supernatant was aspirated
and mitochondrial pellets were dissolved by indubation with
NCS tissue solubilizer for'12 hours. Samples were counted
with a Beckman Lé 6800 liguid scintillation counter in a

cocktalil consisting of 0.05 ml of 10% ascorbic acid, and 10
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ml-of toluene with 0.653 PPO. ‘Specific bihding,of GDP was
calculated as the difference ig binding between samples
ipcﬁbated in the preseﬁce or absence of ADP, and waé
expressed as ' pmel bound/mg mitochondrial ﬁrotein.
Correcfion fof differences in yolume of incubation medium
trapped within mitochondrial pellets was made using valués

obtained for [14C]-sucrose.

F: PROTEIN ESTIMATION

BAT homogenates were precipitated ‘ih ice-cold, l2.5$-
trichlorocacetic acid; and were stored at 4 °C for at least
24 hours, or for up to two weeks. Samples were centrifuged
at 4290 rpm for 20 minutes using a Sorvall J-6B centrifuge
with 4.2 rotor. Superndtants were removed by aspiration, -
and pellets were dissolved in 0.5% NabH, for 15 minutes at

37 °g. Protein contents were estimated using the Lowry
method (Lowgy et ai,'%1951) as modified by Schacterle and
Pollack (1973), using bovine serum albumin as the standard.
Mitochondrial protein determinations were carried out in a
similar manner, except that . precipitationﬂ steps were
omitted. samples of final mitochondrial suspensions were
added to 0.5%‘ NaOH and the modified Lowry assay was
performéd. Volumes of isolation medium equal to volumes of

mitochondrial samples were added to BSA standards. This

addition corrected for the contribution of isolation medium



-43=-

in mitochondrial suspensions to measured absorbance
. hat |

readings. b

G: - MEASUREMENT OF THYROXINE 5'-DETODINASE ACTIVITY IN BAT
# .

BAT samples were homogenized with four strokes of a
glass/teflpn ‘homogenizer at 400 rpm, follo?ed by twenty
strokes (by hand) df.an all-glass homogenizer. Samples were
frozen in _liquid nitrogen - and were stored at ~-80 °C for up
to four weeks; under these conditions tﬁyroxine 5'~
deiodinase is stable for at least four months (Kates and
Himm&-Hagen, 1985). Enzyme activity was measured
essentially as described by others (Visser at al, 1982,
Léonard and Rosenberg, 1980, Leonard et al, 1983),-using
conditions established for mouse BAT (Kateé gnd Himms-Hagen,
. 1985). Measurement of enzyme activity was based on the
release of radiociodine from 1231-labelled T4. Samples were
incubated under nitrogen for 30 'minutes at 37 °C, in a
reaction mixture éontaining imM EDTA (pH 7.0), 10 mM
dithiothreitol (DIT), 1mM propyl-2-thiouracil (PTU),
approximately 0.15 nM 1251—T4 (to give 50,000 cpm per
sample), plus 2.32 nM unlabelled T4, with a total thyroxine
concentration of about 2.57 nM. Each assay tube contained
30-100 ug homogenate protein; at these concentrations the
rate of 1231 1liberation was linearly related to protein

content (Kates and Himms~Hagen, 1985}? Reactions were

.
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terminated by binding the majoritf of substgaﬁe using 50 ul
of ice cold thyroid hormone-free normal human serum,
‘containing Tj andf T4. binding proteins. °~ Protein-bound
subsﬁrate' was precibitated with 350 ul of ice-cold 12.5%
TCA, followed by centrifugation for 2 minutes at 14000 rpm
(Eppendorf microfuge, room temperature). Free radioiocdine
‘was separated from remaining substrate by passing 500 wul of
supernatant through a Dowex. AG 50 W-X2 100-200 catien
.exchange column (1.2 ml bed volume) equilibrated in 10%
acetic acid. 1257 was eluted with 3- 1 ml washes of 10%
acetic acid, and radiocactivity was measured using a Beckman
gamma 4000 counter. Radioclabelled thyroxine was purified
immediately prior to wuse in these asays by paper
electrophoresis at pH 7.1. 1251—T4 was applied to Whatman
3mm filter paper strips (2 x 20 cm) and électrophoresis was
carried out in 50 mM ammonium acetate at 25 V/em. Under
these conditions, ‘free radiaiodine trévelled 4-6 cm in 10
minutes, while 1251-£hyroxine,rema;ned éﬁ the origin. T4

was extracted after electrophoresis using methanol:ammonia

{99:1) (Kaplan and Yaskoski,. 1980). Purification resulted

in a free iodine content of less than 1%. Correction for

non-enzymatic deiodination was made by subtraction of values

obtained from control tubes from those obtained for samples.
9

Control tubes were incubated without homogenate protein,

with the total assay volume made up using buffer.:

o

X2 ]
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H: MEASUREMENT OF THYROID HORMONES IN SERUM ¢
Blood was -collected from mice after decapitation and was
maintained at 4 °C for up to three hours. Samples were

centrifuged (Eppendorf microfuge) for 15 minutes at 14000
rpm. Serum was collected and was stored at -20 °C prior to
thyroid hormone estimation. Tot§l Ty and T4 were measured
using commercially available radioimmunoassay kits (AmerlexTM
total Ty or total Ty RIA kits, Amersham Corporation). With

»

these kits, measurement is based on competition between serum

g

hormone and 1251-T3

specific antipody. ,/ The i is

-

— y
particles; sep ration— of T3

ound to the antibody-
is carried out by centrifugation at 4200 rpm
for 20 minuytes (J6B centrifuge, 4.2 rotor, brake off). For

mouse samples, it was necessary to carefully asﬁirate the

gupernatant - rather than decanting is since thé resulting

pellets were easily dislodged. Pellets were then ‘Eounted in
a Beckman Gamma 4000 counter. Lévef; of serum Ty or T4 were
determined by comparison with" rééulfs for thyroid hormone
standards in human serum. A set of thyroid control sera

samples was included in each incubation batch.

I: STATISTICAL ANALYSIS ”\\J
Results are expressed as mean * standard error {SE} of

the mean. Statistiqal analyses were performed using the

-T4 for sites on.a T3 or T4

bound to polymer’

\,
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SPSS-X21 computer statistics _ package.  Normality of
distribution was assessed by measurement of skewness and
kurtosis ﬁsindo the Breakdown procedure. TWwo or three;way ’
analysis of variance was carried out using program ANOVA.
Post ﬁoc comparisons were made with simple and simple simple
means tests (Kirk, 1968). Repeated comparisons of treatment
groups against control means were performed using Dunnett's

test.

Results are expressed as significant at p < .01 unless

otherwise indicated.
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CHAPTER III
RESULTS

PART I: BROWN ADIPOSE TISSUE OF GTG-OBESE MICE: EFFECT OF
DIET

'OBJECTIVES: '

Previous studie} have demonstrated a defective DIT in
BAT of the GTG-cbese mouse, "and diet-induced sympathetic
stimulation has not been detected in this- animal.
Nonetheless, tcafeteria feeding® promotes a normal growth of
BAT in the GTG-obese mouse. All fofmer experiments have been
carried out in the early part of the light phase, when
thermogenic activity is likely to be at a minimum.

GTG-obese mice fed restricted diet become more obese
than unlesioned animals fed the same amount of food. The
contribution of an.altered BAT thermogenic activity to the
high metabolic efficiency of these animals has no.tkbee‘p
characterized.

The effects of dietary manipulation upon the activity of
BAT 5'-deiodinase have not been reported for mice.

The objectives of the first experiment were #hus:

1. To study the thermogenic state of BAT at differentj

times of day in GTG-obese mice fed chow,

restricted, or cafeteria diet, to see whether a
transient activation had been missed in the former

—n experiments.

2. To characterize circadian changes in BAT thyroxine
5'~deiodinase activity in mice eating different
diets, and to assess the effect of GTG-lesioning
upon the activity of this enzyme.
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METHOD:

Animals were randomly assigned to form two groups with equal
mean body weights. At 9-11 weeks of age, one group received
a GTG lesion (metheds, pp 38): Restricted feeding of some
lean and scome GTG animals was begun immediately. Cafeteria
feeding was begun in other ‘groups of animals one week after
lesioning. This period allowed animals to recover from the
anorexia which occurred after GTG administration, ensuring
that 1lean and GTG-lesioned animals consumed the c;PEteria
diet for equal lengths Ef time. A third group of lean and
GIG-lesioned animals, which served as controls, received
chow ad libitum. Both restricted and cafeteria-fed groups
were given their daily raéions between 1400h and 1500h.
Food intakes were performed twice for each of the three
cafeteria menus, and twice eacﬁ'week for chow-fed animalé
(methods, pp 38). Béginning three weeks after GTG
administration, measurements of rectal temperature were made
on all mice (methods, pp 39). By this time animals had
received cafeteria diet for two weeks, or réstricted or chow
diet for three, and unsuccessfully lesioned mice had been
excluded from further study on the basis of body weight
gain. For cafeteria-fed groups, temperature measurements
were taken only when.mice were housed with bedding, ;hat is,
not during food intakes.

Beginning four weeks "after lesioning, animals were

killed by decapitation at the following times: cafeteria-
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fed mice, ‘0500h, 1100h, 1500h, l19Q0h, 2400h; food-
restricted mice, 0500h, 0700h, 1100h, 1500h.  Chow-fed mice,
serving as‘ the controels, were killed at all _of the abgve
time points, including 0500h, 0700h, HlOOh, 1500h, 1%00h,
2400h. Time point;ﬂ.were qposen to demonstrate maximum and
minimum levels of BAT thermogenic activation in‘lthe
different groups, - as predicted ‘from obserfed rhythms in
rectal temperature (Figures 2a and 2b). Time .points for
food-restricted mice were also chosen to examine thermogenic
activation during arousal from torpor.

After sacrifice, intér~ and‘subscapular BAT was removed,
homogenized, and aliquots taken “for later determination of
protein‘conteﬁt and activity of T4-5'DII. Mitochondria were
isolated from the remaining homogenate and measurement of
GDP binding .was performed. Blood was collected,
centrifuged, and serum was stored a4t -20 °C for later
determination of T3 and T4 content (methods, pp 453).
Gonadal WAT was removed and weighed.

STATISTICAL ANALYSIS: ]

3-way ANOVA (obesity x diet ¢ “\time of day at killing)
was used for analysis of all varia tested for circadian
variation, including GDP binding, (figures 4 and 5),
specific and total activity of(BRT 5'DII, (figures 5 - 9),
and serum thyroid hormone concentrations (figures 10 - 13).

At each time point, individual treatment effects (diet and

N
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lesion) were determined using $imple simple means analysis

1

(Kirk, 1968). The presence of a circadian variation for a
particﬁlar variable waé assessed by compa;inq the vélhes
observed at each time point to the value obtained at 0500h.
Fér this test, Dunnett's post hoc test for comparison of
several treatment groups tqula single control (Kirk, 1968},
was used. For variables thé%fwere not assessed with respect
to circadian wvariation (WAT; BAT, BAT protein, table 1),
data were analyzed using 2-way ANOVA (obesity x diet).
Individual treatment effects were determined using simple
means analysis. (Kirk, 1968). Data for food intake (table 2)
were analvzed by 3-way repeated measures ANOVA (obesity x
diet x duration of feeding) (Winet}, 1971), and post hoc
tests were the same as those used for the three-way ANOVA
described above. Body weights (figures 1la and 1b) were
analyzed by 2-way ANOVA (obesity x diet) énd simple means
analysis at a %sgngle time point, 5 weeks after
administration of the GTG-lesion. Data for circadian rectal
temperature measurements were not analyzed statisticallv}
since it was necessary to perform repeated measures upon
some, but not all animals. Thus it was not acceptable to
perform either a repeated measures or a single measures
ANOVA using this data. ‘

For analysis of variance, data for restricted and
cafeteria-fed animals were separated, and each group was

compared to control animals sacrificed at the same time

)8
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points using separate ANOVAs. This separation was necessary
since animals from both treatments did notlappear at every
time point, thus preventing statistical analysis of the
combined data. .

The results of this experiment have been presented in v
two ways. First, in order that  visual comparison of
circadian rhythms in the different groups can be made, data
for all three diet groups are presented together (Figure 4,
for example). Secondly, for assessment of the effect of GTG
lesion, the results for cafeteria-fed and food-restricted
groups, ‘with their respective controls, are presented
éeparately {figures 5a and 5b, for exaﬁple). It should be
noted that the statistical results for circadian rhythm
arise from separate analysis of cafeteria- and restricted-
-fed animals with their controls, . and not from the

combination of data from all treatment groups.
RESULTS

1. DREVELOPMENT OF OBESITY IN GTG—LESIONED MICE

Injection of goldthioglucose produced a transient
anorexia which was reflected in the reduced body weights
observed at week one (figures la and 1b). Analysis of the¥
body wéights 5 weeks after lesioning showed that GTG-obesg
mice in all groups became. significantly heavier than

similarly-fed lean mice. For both lean and GTG-obese mice,

-~
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body weignht was increased by cafeteria-feeding and decreased
by resﬁﬂicted-feeding, : ’

(- For all diet groups, the welght of goﬁadal WAT was
increased by the GTG-induced lesion (table 1). Cafeterla-
fed mice of both t&pes accunulated more WAT than thelr chow-
fed coun;erparts. Cafeteriahfed‘ GTG-obese mice had over
four times more WAT thaﬁ lean - cafeteria-fed animals;

however, the relative increase in WAT was approximately the
: ~

' same for both cafeteria-fed groups (2.5 times more WAT than

their respective chow-fed controls). The weight of WAT was

‘reduced by restricted feeding in both 1lean and GTG-~lesioned

N . .
mice. Nonetheless, GTG~lesioned mice had nearly four times

1
as much WAT as lean‘ mice, though both -groups received

identical amounts of food. .
% ¢

2. FOOD INTAKE . ‘
For each intake study, GTG-obese mice receiving chow or

cafeteria diet were hyperphagic with respect to similarly-
- * l‘ . -
fed lean mice (table 72). Cafeteria-fed GTG-~obese mice -
' - . ' [ —,
consumed .more calories than chow-fed GTG<obese miQ§ during

the first intake period only. There was no significant
&

'differénce in caloric intake between lean mice fed chow angd

cafeteria diets for any intake. period. ‘No effect of

duration of feeding upon caloric consumption was seen’for
either chow-fed group or for lean mice fed cafeteria dietr

That is to say, there was no change in daily caloric intake
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during the period of study. An overall significant effect of
feeding duration was observed for cafeteria-fed GTG-obese
mice, but this was due to thé.larger intake of these animals
during the first study period .only. Subseq&ent caloric
intake was relatively uniform in this group.

'Diets chosen by both cafeteria groups were hiéhe: ins fat
and lower in protein and carbohydrate than the standard rﬁt
chow offered to chow-fed mice {data ' mnot analyzed
statistically). The proportion of nutrients chosen by
cafeteria-fed lean mice remained constant for the duration
of the experiment. There was no significanf difference
between lean and GTG-cbhese mice in the percentage of protein
consumed. However, a significant change with.duration of
feeding occurred in the fat and carbohydrate content of the
diet chosenl by GTG-obese mice; this change resulted in a
higher fat consumption and a lower carbohydrate consumption
than that of lean mice for . the last four intake studies.
The significant effect of feeding duration on protein intake
of GTG-obese mice results from the high value observed in
the second intake period (12.1%, table 2).

L4
3. TEMPERATURE MEASUREMENTS

a) CIRCADIAN VARIATION:

Chow-fed lean and GTG-obéée mice showed similar rhythms
;n rectal temperature, with highest levels occurring during

"the dark phase, and lowest levels occurring during the late



N @
part of the light phase (figures 2a and 2b). Chow-fed GTG-

obese mice had lower* body temperatures than chow;fed lean
' mice at all tine points except " 1600h. The higher
temperature of chow-fed GTG-obese mice at this point was due
to theg¢ earlier start of their rewarming; the rate of
rewarming was slower, however, and by 2000h the temperature
of GTG chow-fed mice was again lower than that of chow-fed
lean mice.

Restricted feeding of lean and GTG-obese mice resulted
in large differences in rectal tempegature in comparison
with chow-fed controls. Food-restricted 1lean mice
maintained low body temperatures for the first part of each
day, between midnight and noon. They began to rewarm at
1000h, reaching their maximum temperature just after
feeding, and remaining warm for the first six hours of the
dark period. A similar pattern occurred in food-restricted
GTG-leéioned mice,l altﬁough rewarminé began earlief and
proceeded more slowly than for lean animals. Food-
restricted GTG mice did not maintiih their feeding-time
temperature, but began to cool when the lights went out.
Temperatures of food-restricted GTG-lesioned mice were lower.
than for lean mice at all times except the feeding time.

In lean mice, cafeteria feeding had no effect upon
circadian wvariation in rectal éemperature (figure 2a).
cafeteria-feeding of GTG-obese mice resulted in higher

rectal temperatures in the late morning and early afternocon

‘t"?‘f‘
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(llOOh, 1300h); compared with chow-fed GTG-obese animals.
" The two groﬁps of cafeteria-fed mice appeared to différ at
0000h only, when -the rectal temperature of lean -mice
exceeded that of GTG-obese mice.

b) RECTAI TEMPERATURE AT SACKIFICE

The circadian' pattern in rectal temperatures of mice
sacrificed at different time points agreed fairly well with
the results presented in figures 2a and 2b. (figure 3). The
tempergtures of food~restricted mice Qere again Eéducéd in
comparison with chow-fed animals, and cafeteria feeding
again resﬁlted in an increased temperature in GTG-cbese mice
in the late morning and early afternoon. However, the
effect of obesity that was apparent in chow and food-
restricted mice during measurement of circadian rhythm was
not present at the time of sacrifiée. As well, in lean
mice,. an increased hody temperaturé was obsérved at 1500h.
qpese results differed from those obtaiﬁed by the initial
measurement of circadian variation in rectal temperature.
4. GROWTH OF BROWN ADIPOSE TISSUE

No effect of the GTG-induced lesion on total BAT protein
was observéd for mice in any diet group, although in all
cases the wet weiqht. of BAT was increased in GTG-lesioned
animals (table 1}. These results suggest that GTG-induced
. obesity promoted a marked lipid acéumulation in BAT, rather

than a change in its metabolic mass. Total BAT protein was
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increased by  cafeteria féeding, in both lean and GTG-obese
mice, reflecting a true growth of the tissue. The increﬁse
in BAT protein proﬁpted by caféteria-feed;nq waé not
appreciably greater in cafeteria-fed GTG-obese mice than in
cafeteria-fed lean animals. Restricted feeding resulted in
a large decrease in the wet weight of BAT in GTG-cbese mice,

reflecting, at least in part, a reduced lipid content in the

tissue (table 1). In both 1lean and GTG-lesioned mice, a

small but significant decrease in total BAT proteln was

promoted by food restriction.

~
T

" 5. THRRMOGENIC ACTIVATION OF BAT MITOCHONDRIA

- cafeteria feeding increased the binding of GDP to

isolated BAT mitochondria in both lean and GTG-obese mice,

indicating thermogenic activation of the tissue (figures 4

and 5a). The two groups differed in the proportion of the
day for - which this éctivation was obsefved. In lean mice,
GDP binding was increased at all measured time points
excluging 1100h, while in GTG-leslioned énimals binding was
significantly increased by cafeterié-feeding during the
afternoon ahd evening time points only (1500h, 1900h:
2400h). Compared to lean cafeteria-fed mice, GDP-binding
was significantly .lower for GTG cafeteria-fed animais,
except at 1100h, when neither group were thermogenically
active, and at alSOOh,_ the feeding time. At 1502h, GDP-
binding in cafeteria-fed G?G?obgsé’mic approximated the

%

Y
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FIGURE 5a:

FIGURE 5b:

MITOCHONDRIAL GDP-BINDING OF LEAN AND GTG-OBESE
MICE: EFFECT OF LESION ON CHOW AND CAFETERIA-
FED MICE

Data from figure 4 have been replotted to allow
an easier assessment of the effect of GTG-lesicn
on GDPzbinding of mice eating the same diet.
Chow- and cafeteria-fed mice were killed at the
times shown. Food was presented to cafeteria-
fed mice at 1500h. 'Lights were on between 0600h
and 1800h. Unshaded bars represent results for
mice fed chow diet. Shaded bars represent
results for cafeteria-fed animals. Values
represent means * SE for 8 or more lean chow-,
lean cafeteria- and GTG chow-fed animals, and 5
or more GTG cafeteria-fed animals.

% Significant effect of diet, comparing the
same type of mouse

O Significant effect of GTG-treatmeﬁt, compar-
ing mice eating the same diet

s

=

. MITOCHONDRIAL GDP-BINDING OF . LEAN GTG-OBESE

MICE: EFFECT OF LESION ON CHOW- AND FOOD-
RESTRICTED ANIMALS

Data have been replotted from figure 4. Rations
were presented to food-restricted mice at 1500h.
Note that the time points measured for these
animals are different from those in the above

figure. Unshaded bars represent results for
mice fed choy diet. Shaded bars represent
results for fiood-restricted mice. Values

represent means\; SE for 8 or more lean and GTG-
obese chow-fed mice, and 4 or more lean and GTG

obese food-restricted mice. For further infor-.

mation see figure 5a.
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highest lévels.observed for 1lean cafeterié—fed mice at any
time of day. | |

Food-restriction resulted 1in suppression of GDP-binding
in lean mice at all measured times (figures 4 and 5b).
There was no effect of food restriction on GDP-binding of
mitdchondgia from GTG-obese mice, except at the feeding
time, when a small but significant increase was observed.
In chow-fed animals, GDP-binding':was reduced i; GTG-obese
mice at all times of day, suggesting a lower basal
thermogenic activation of BAT in this group. )

A circadian Yariation in GDP binding was apparent in all
experimental groﬁps, except for food-restricted lean mice
(figufe 4). However, the daily pattern of binding was
markedly altered by diet.treatﬁent. In chow-fed groups, tﬂe
daily variation in GDP binding was similar for lean and GIG-
cbese mice. The highest levels of binding were observed in
the early morning and the 1light phase, with much lower
levels occurring after lights out. v

The pattern of GDP binding observed for cafeteria-fed
mice borg little resemblance to that of chow-fed animals and
a marked difference existed bétweén cafeteria-fed lean and
GTG-obese mice. ¢Lean mice had a high level of binding which
fell only at the 1100h time point. In comparison, GTG-obese
faﬁimals maintained a much ¥ower level of'bindinq which rose
only at the feeding time. The variation in binding seen i.

chow-fed lean mice was completely abolished by food-
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" restriction. In food-resfricted GTG-obese mice, the
statistically significant effgct of time of day resﬁlted
from an increase in binding after lights on. The higher
- binding was maintained at a cgnstant level for the remaining

time points.

6. ACTIVITY Of' BAT MOKINE 5'-DEIODINASE

A significant‘ circadian wvariation was observed in
speciﬁic BAT 5'-deiodinase actiJity of all experimental
groups, excepting food-restricted lean mice (figure 6). The
circadian pattern in enzyme activity was similar for all
treatments, with nadirs occurring at 1100h, and peaks
between 1500h -and 19C00h. No effect of diet treatment was
‘observed in lean or obese mice, except at 0500h, when BAT
5'-DII activity was greatly increased in cafeteria-fed GTG~
obese mice (figure 7a). Similarly, the GTG~-induced, lesion
had little effect on enzyme activity, except at 0500h
(cafeteria-fed GTG-obese higher than cafeteria-fed lean),
and 1500h (food-restricfed GTG-obese higher than food-
restricted lean) (figure ‘7b). Results for total 5'DII
activity showed *a similar pattern of circadian variation\\
(figure 8) and‘similar treitment effects (figures 9a and 9b)
as those described for the spécific activity of this enzyme,
exéeﬁt that there was no effect of GTG-induced obesity on

total deiodinase activity of food-restricted mice.

d
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FIGURE 7a:

—

FIGURE 7b:

SPECIFIC ACTIVITY OF BAT T4 5'~DEIODINASE IN LEAN

AND GTG-OBESE MICE: EFFECT OF LESION ON CHOW
AND CAFETERIA-FED MICE

Data from . figure 6 have been replotted to allow
an easier assessment of the effect of GTG-lesion
on specific activity of BAT 5'DII of mice
eating the same diet. Chow- and cafeteria-fed
mice were killed at the times shown. Food.was
presented to cafeteria-fed mice at 1500h.
Lights were on between 0600h and 1800h. Unshaded
bars represent results for mice fed chow diet.
Shaded bars represent results for cafeteria-fed
animals. Values represent means * SE for 8 or
more lean chow-, lean cafeteria- and GTG chow-
fed animals, and 5 or more GTG cafeteria-fed
animals.

‘% Significant effect of diet, comparing the
same type of mouse '

O significant effect of GTG-treatment,
comparing mice eating the same diet

F

&

SPECIFIC ACTIVITY OF BAT T4 5'-DEIODINASE 1IN LEAN

AND GTG-OBPESE MICE: EFFECT OF LESION ON CHOW-
FED AND FOOD-RESTRICTED ANIMALS

Data have been replotted from figure 6. Rations
were presented to food-restricted mice-at 1500h.
Note that the time points measured for these
animals are different from those:.in the above
figure. Unshaded bars represent results for
mice fed chow diet. Shaded ' bars represent
results for food-restricted mice. Values

represent means i SE for 8 or more mice. For

further information see figure.7a.

i

.
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"FIGURE 9a:

FIGURE 9b:

4

TOTAL ACTIVITY OF BAT T4 5'-DEIODINASE IN LEAN
AND GTG-OBESE MICE: EFFECT OF LESION ON CHOW
AND CAFETERIA-FED MICE

Data from %igure B have been replotted to allow
an easier assessment of the effect of GTG-lesipn
on total activity of BAT 5'DII of mice eating
the same diet. Chow- and cafeteria-fed mice
were killed at the times shown. Food was
prresented to cafeteria-~-fed mice at 1500h.
Lights were on between 0600h and 1800h.
Unshaded bars represent results for mice fed
chow diet. Shaded bars represent results for
cafeteria~fed animals. Values represent means %
SE for 8 or more lean chow-, lean cafeteria- and
GTG chow-fed animals, and 5 or more GTG
cafeteria-fed animals.

¥ Significant effect of diet, cbmparing the
same type of mouse

¢ Significant effect of GTG-treatment,
- comparing mice eating the same diet

~J

TOTAL ACTIVITY OF BAT T4 5'-DEIODINASE IN LEAN
AND GTG-OBESE MICE: EFFECT OF LESION ON CHOW-
FED AND FOOD-RESTRICTED ANIMALS -

Data have been replotted from figure 8. Rations
were presented to food-restricted mice at 1500h.
Note +that the time points measured for these
animals are different from those in the above

figure. Unshaded bars represent results for
siice fed chow diet. Shaded bars represent
results for - food-restricted mice. Values

represent means +* SE for 8 or more mice. For
further information see figure 7a.
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_FIGURE 9a
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7T.. THfﬁOID HORMONES '\\

A significant cifcadian rhythm was observed in serum T,
concentration in all experimental grddpé (figure 10). Serum
T4 reachéd maximum lebeis in the mofning hours and minimum
levels in the eafly evening. Diet and obegity had little
effect on the pattern of varigtion in this-hormone. Seiﬁ? Ty
levels were increased by cafeteriarfeediné and decreased by
food~restriction in 1lean apd GTG-obese animals at most time
poinés (figures 1la and llb)} In food-~restricted mice, GIG-
induced obesity had no effect on serumlT3. Chow-fed GTG-
obese mice had higher T3'1evels.than their controls at 0500h
and 1500h, and levels 1in cafeteria-fed GTG-obese mice
exceeded those in cafetgrig-fed lean mice in the early.
morning and throughout the light phase.

The circadian rﬁyﬁhm observed in serum T4 concentration
was similar to that of serum T3 (figure 12). GTG-induced
obesity and diet treatments had little effect on serum Ty
levels except at isolated time poinﬁs (figures ;Ba and 13b).
In. GTG-obese animals there was a genergl trend toward
increésed Ty with cafe;gria or restricted diets, though only

for a small part of the day. An effect of obesity was noted

__at 0500h only, when T4 was significantly lower in GTG~obese

cafeteria-fed animals.
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PIGURE lla:

Y

FIGURE 1l1b:

s

SERUM T; CONCENTRATION OF LEAN AND- GTG-OBESE . -

MICE: EFFECT OF LESION ON CHOW-~ AND CAFETERIA-
FED MICE

Data from figﬁre 10 have been replotted to allow
an easier assessment of the effect of GTG~lesion
on serum T3 concentration in mice eating the

same diet. Chow- and cafeteria-fed mice were
killed at the times shown. Food was presented
. to cafeteria-fed mice at 1500h.- Lights were on
between 0600h and 1800h. - Unshaded bars

represent results for mice fed chow diet.

Shaded bars represent results for cafeteria-fed
animals. Values represent means * SE for 8 or
more lean chow-, lean cafeterca and GTG chow-fed
animals, and 5 or more GTG cafeteria-fed
*animals. f;l ‘ .

¥* Significant effect of diet, -comparing- the
same type of mouse .

¢ Significant effect of GTG-treatment, compar-
ing mice eating the same diet

SERUM T3 CONCENTRATION OF LEAN AND GTG-OBESE
MICE: EFFECT OF LESION ON CHOW- AND RESTRICTED-
FED ANIMALS

Data have been replotted ~from figure 10.
Rations were presented to food-restricted mice
at 1500h. Note that the time points measured
for these animals are different from those in
the above figure. Unshaded bars represent
results for mice fed chow diet. Shaded bars
represent results for food-restricted mice.
Values represent means * SE for 8 or more mice.
For further information see figure 7a.

i
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Serum T3 (ng/d)
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FIGURE 13a:

FIGURE 13b:

\

SERUM T4 CONCENTRATION OF LEAN AND GTG-OBESE

MICE: EFFECT OF LESION ON CHOW AND CAFETERIA-

FED MICE .

Data from figure 12 have been)replotted to allow
an' easier assessment of the effect of GTG-lesion
on serum T, concentratid n mice eating the
same diet. Chow- and cafeteria-fed mice were
killed at the times shown. Food was presented
to cafeteria-fed mice at 1500h. Lights were on
between 0600h and 1800h. Unshaded bars
represent results '~ for mice fed chow diet.
Shaded bars represent results for cafeteria-fed
animals. Values represent means * SE for 8 or
more lean chow~, lean cafeteria and GTIG chow-fed
animals, and 5% or more GTG cafeteria-fed
animals. .

* gignificant effect of diet, comparing the
same type of mouse

" O significant effect of GTG-treatment,

comparing mice eating the same diet

SERUM T4, CONCERTRATION Of LEAN AND GTG-OBESE
MICE: EFFECT OF LESION ON CHOW-FED AND FOOD-
RESTRICTED ANIMALS .

Data have been replotted from figure 12.
Rations were presented to -food-restricted mice
at 1500nh. Note that the time points measured
for these animals are different from those in
the above figure. Unshaded bars represent
results for mice fed chow diet. Shaded: bars
represent results for food-restricted mice.
Values represent means * SE for 8 or more mice.
For further information see figure 7a. '
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'PART II: BROWN ADIPOSE TISSUE OF GTG-OBESE MICE:

EFFECT OF COLD
OBJECTIVES: -

GTG-obese mice have been reported to survive

exposure to 4° C (Davis and Mayer, 1954), and at 8 °C

.exhibit a large increase in mitochondrial GDP binding (Hogan

énd Himms-Hagen, 1983). This increase 1is, however,
significantly lower than that of similarly-treated lean
mice. Moreover, GTG-obese mice maintain a lower-than-normal
body temperature for a large part of each day.  Thus, a
defec£ or alteration of thermoregulation may be present in
these animals. | '

In two other animal models of obesity, the genetically
obese (ob/ob) mouse (Katéé and HimmsfHagen, 1986)and the
Zucker (fa/fa) rat (Wu et al, 1987), an extreme cold
sensitivity is associated with a marked reduction in the

activity of BAT 5'-deliodinase.

The objectives of “the second experiment were thus:

- »

1. To compare the time course of activation of BAT
thermogenesis in lean and GTG-obese mice, to
determine whether a lesser activation at the
single time measured  previously was due to a
reduced, or to a delayed increase in thermogenesis
and thermogenic capacity. :

2. To study the time course of cold-induced activation
of BAT 5'-DII in the mouse, and to determine
whether this activation is normal in the GTG-cbese
mouse.
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EXPERIMENT 1: SURVIVAL OF GTG-OBESE MICE EXPOSED TO SEVERE
COLD

t

METHOD: ‘ )

Little experimental detail was to be found in the single
previous report of'survivél of GTG-cbese mice 'exposed to
severe cold. Thus, a study was undertaken to further
characterize this phenomenon. Three weeks after injection
df GTG groups of 1lesioned animals and lean controls were
placed in individual cages and were exposed to 4 °C. Rectal
temperatures were recorded at hourly intervals for up to 7
hours, or until animals reached 20 °d or less. Hypothermic

mice were returned to their home cages for recovery.

" RESULTS |

‘ The tolerance of GTG-obese mice to severe cold was
generally poor (figure 14a). Within 5 hours, five of eight
exposed mice reéched a core temperature of 20 °C or less,
and would not have survived if left in the cold room. Only
two GTG-obese mice endured seven hours of cold exposure and
at the end of the study one of these was near hyvpothermia.
The majority oﬁ lean mice (six out of eight) remained
normothermic throughout the. experiment (figure 14b).
Surprisingly, two lean mice became hypothermic within six

hours of acute exposure to 4 °C.



FIGURE l4a:

FIGURE 1l4b:

N

RECTAL TEMPERATURES OF GTG-OBESE MICE ACUTELY
EXPOSED TO 4 °C

Singly housed mice were exposed to 14 °C and
rectal temperatures were measured hourly for 7
hours, . or until temperatures reached 20 °C.
Hypothermic mice were removed from the cold and
allowed to recover. Each line is the record for
one mouse.

!
)

\

RECTAL TEMPERATURES OF LEAN MICE ACUTELY
EXPOSED TO 4 °C

For detalils refer to legend for figure l4a.
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_FIGURE 14a
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“ —
EXPERIMENT 2: COLD EXPOSURE OF GIG-OBESE' MICE: THERMOGENIC

ACTIVATION AND 5'-DEIODINASE ACTIVITY
METHOD:

Due to the unexpected cold;sensitivity- of GTG-obese
mice, further investigations wére carried out wunder
conditions of milder cold (14 °C). 'Trehtment of animals
prior to cold exposure was identiéal to that described in
part 1, except that mice received chow diet throughout the
experiment. At 9-11 weeks of age a group of mice received
GTG—iﬁduced lesioné. Beginning two weeks gfter injeétion,
animals were housed in separate cages'and were exposed to 14
°c for 2, 7, 12, or 24 hours, or were acclimated to 14 °C
for two weeis. A group of control animals, representing 0
hours of exposure to cold, were housed individually at 26.5
" °C for 24 hours prior to sacrifice. 1In all cases, exposure
'ﬁas begun at 0700h.

After efzisure, mice were sacrificed in the cold'room;
"and BAT was . ickiy removed. Measurements of BAT protein,
mitochondrial GDP binding, BAT 5'-DII &ctivity, and serum T3
and T4 determinations were c?rried out as described for part
one. |

Results were analyzed using 2-way ANOVA, with obesity
and time of exposure as the two treatments. Individual

treatment effects were evaluated using Dunnett's test and

simple meand ‘analysis (Kirk, 1968).

*
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RESULTS:
1. THERMOGENIC ACTIVATION OF BAT

Cold exposure of lean and GTG-obese mice caused a
linear increase in GDP-binding to isclated BAT mitochondrias
‘suggesting a linear increase in thermogenic activation of .
the tissue in the first 24 ~ hours of exposure (figure 15).
The highest leggl of binding was acﬁieved in both tyvpes of
mice after the 2-week acclimation to cold. GDP-binding was
significantly lower in GTG-obese miceﬁgt all time points.
This difference appeared £o‘ result from a lower basal
activation of BAT in these animals, since cold-induced
increases above the warm-acclimated zero-point level were

similar to thise seen in lean mice.

2. BAT THYROXINE 5'-DEIODINASE ACTIVITY

Exposure to cold caused a large increase in specific and -
total activity of BAT 5'-~DII in lean and GTG-obese groups
(fiéure l6). Nonetheless, enzyme activation wés both
delayed and attenuated in GTG-obese animals. While lean
mice réached maximum BAT 5'-DEI activity after 7 hours of
cold-exposure, GTG-obese micel required 12 hours to reach
their highest level. Moreover, maximum 5'-DII activity was
significantly lower in GTG-obese mice. In both groups,
enzyﬁe activity began to deéline within twenty-four hours of
cold exposure, and returned to basal levels after two weeks

of cold acclimation.
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FIGURE 16:

——

TOTAL AND SPECIFIC ACTIVITIES OF BAT T4 5'-
DEIODINASE IN LEAN AND GTG-OBESE MICE EXPOSED OR
ACCLIMATED TO 14 °C

Singly houged mice were exposed to cold for 2,
7, 12, or 24 hours, or were acclimated for two |
weeks. In each case, cold exposure was begun at
0700h. Values represent means t SE for 8 mice

SYMBOLS:

—=O- LEAN
-®- GTG-OBESE

% Significant “effect of exposure or
acclimation te cold in mice of the same
type i

Py

y
¢ significant difference between lean and
GTG-obese mice treated in the same way
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FIGURE 16
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FIGURE 17:

»

@

SERUM THYROID HORMONE CONCENTRATIONS IN LEAN AND
GTG-OBESE MICE EXPOSED OR ACCLIMATED TO 14 °C

Singly housed mice were exposed to [cold for 2,
7, 12, or 24 hours, or were acclimated for two
weeks. In each case, cold exposure was begun at
0700h. Values represent means % SE for 8 mice.

SYMBOLS: %

=O- LEAN
-®- GTG-OBESE

% Significant effect of exposure or
acclimation to cold in mice of the same
type

) Significant difference between lean and
GTG-obese mice treated in the same way
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FIGURE 17
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3: THYROID HORMONES ‘ v

Cold exposure resulted in an elevation of serum T3 in
5oth lean and GTG-obese mice (figure 17). This effect was
défected within 12 hours of exposuré and persisted through
acclimation. A transient increase in serum T3 occurred in
GTG~obese mice aﬁ 2 hours of exposure; a corresponding
increase in lean mice did not reach statistical
significance.

Both lean and GTG-obese ﬁice had an early, transient
increase in the level of serum.T4 (figure 17). This effect
occurred more rapidly in the GTG-obése group. After

acclimation, serum T, was significantly reduced in GTG-

obese mice, compared to lean cold-acclimated animals.

4: RECTAL TEMPERATURE

No change in rectal- temperature was observed in lean
mice exposed or acclimated to cold _(table 3). Rectal
temperature was significantiy \reduced in gTG-obese mice
after 2 and _7 hours of cold expos%re (compared to warm-
exposed GTG-obese mice) and was lower than that of lean mice

for the first 12 hours of exposure.

S5: GROWTH OF BAT
Totél BAT protein was significantly reduced in warm-
acclimated GTG-chese mice with respect to their lean

controls (table 4). Acclimation to cold promcted growth of
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BAT in both n and GTG-obese mice (increase in BAT
protein). Growth BAT/was apparent in the GTG-Ebese.group
within 12 hours of exposure; within® twenty-four hours BAT
protein was significantly greater for GTG-ocbese mice than
for 24-hour-exposed lean mice. This differencé was
abolished by further cold acclimation.

The wet weight of BAT was greater in GTG-obese mice at
all time points (table 4). Tﬁis difference was presumably
due to an accumulation of 1lipid in the tissue, since (except
for <the  24-hour 'péint) BAT protein of GTG-obese mice was
equal to or less than that of corresponding lean mice. BAT
wet weight was decreased in GTG-obese mice hy 12 and 24
hours of cold exposure, reflecting a decrease 1in fat
content, but returned to previous levels upon acclimation.
: qud acclimation of lean mice caused a decrease in the wet
weight of BAT, indicating a reduction in fat content, as
total prbtein levels were increased in this group.

At all time points GTG-obese mice were heavier than lean
animals {table 3) and had a greater mass of gonadal WAT
during cold exposure. Cold acclimation caused a reduction
in WAT of GTG-obese animals, but was without effect in lean

mice.
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SCUSSION

‘The main objective of part I of this study was to assess
the thermogenic state of BAT at different times of day in
qGTG-obese mice fed chow, restricted, or cafeteria diet. The
sgﬁcific goals were to determine whether DIT.is activéted at
any time of day in GTG-obese mice fed a cafeteria diet, and
to see whether an altered  BAT thermogenic activity
contributes to the high metabolic efficiency of the food-
restricted GTG-obese mouse. Finally, I wiéhed to
chafaéﬁerize circadian changes in gAT 5'-deiodinase activity
and to assess the effects of GTG lesioning upon this enzyme.

The principal finding of the first experiment is that

_ cafeteria-feeding results in a daily, short-lived activation

of thermogenesis in the BAT of GTG-obese mice, as suggested
by the increased GDP binding observed in these animals at
the afternoon and early evening time points. This transiené
activation could account for the growth of BAT seen
previously in these animals (Hogan and Himms-Hagen, 1983)
and in the present stqdy. Brief daily exposure of mice to
cold‘has been shown to promote growth of BAT at a level
which equa&gyjor exceeds that produced by chronic cold
exposure (Helémq&sr, 1975). It is possible that Qrief daily
diet-induced symp;thetic activation promoted growth of BAT

in cafeteria-~fed GTG-obese mice inla similar manner. .

Despite their capacity for DIT, ermogenic activity was
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suppressed in GTG—obese‘mice for most of the day and night.
Earlier reports of a lack of effect of cafeteria féeding on
NATR {Zaror-Behrens and Himms Hagen, submitted) and GDP-
binding to isolated BAT mitochondria (Hogan and Himms-Hagen,
1983) are in keeping with this finding, since these studles
were carried out during the early light phase when DIT is
absent in GTG-obese mice. The demonstration of thermogenic
activation at one time o6f day suggestf that a defective
control, rather than destructien of ﬁhe 'pathways for
actiQation of DIT is responsible for the predominantly low
thermogenic activity in the BAT éf these animals.

Ié is not clear from the present experiment why DIT is
activated normally in GTG-obese' mice (as' comﬁéred to lean
cafeteria-fed mice) at the feeding time only. This
observation can perhaps be related to the "palatability" or
"tastiness" of the diet, zince mice killed at the 1500h time
point had both seen and tasted the food prior to sacrifice.

Recent reports have suggested ‘that feeding of a palatable

‘meal, that is, one that 1is tasty and visually pleaéing,

increases the activity of the sympathetic nerqus system,
and may account for a significant progortion of méal—induced
thermogenesis (LeBlanc et al, 1984, LeBlanc and Brondel,
1985, Diamond et al, 1985). A meal of identicgl composition
presented in an unappealing manner (blended and desiccated
into the form of a Siscuit) fails to produce this

activation. Palatability-induced thermogenesis is observed
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upon presentation of the food, has a shorﬁ duration (40
minutes), and 1is associated with an increase in plasma
noradrenaline (LeBlanc et al, 1984). The initial increase
in heat production is followed by d second, more prolonged
component of meal-induced thermogeﬁésis which is unrelated
to the palatability of the meal. Thus it is possible that a
short~-lived; palatability-related component of DIT is intact
in the GTG-obese mouse, producing the increase in GDP-
binding at the mealtime. The subsequent, proldnged
component may be defective, so that DIT 1s suppressed in
these animals for the remainder of the day. Confirmation of

~

this idea wiil require further study of the fole of
palatabiiity in DIT in the mouse, and its relationship to
brown adipose tissue. .

Both anticipation of a ' meal and the oro- and
viscerosensory stimull associated with eating have been
implicated as mediators, of palatabilipy-induced
thermogenesis (Diamcnd et al, 1985). In the present
experliment, all of these wvariables could be involved since
the animals had learned to expect the meal, and had seen and
tasted the food prior to sacrifice. However, anficipatory
responses haye been shown _to depend upoﬁ an intact VMH-
vagal-visceral pathway (Storlien, 1985). Therefore; for the
GTG-obese mouse, factors associated with eating must

presumably be the importgnt ones. An exaggerated response

to the orosensory properties of a palatable diet has been

-~

e
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reported in animals with medlial hypothalamic lesions
(Sclagani and K%réhgessner, 1986}, and the results of the
present expériment would certainly be consistent with such a
response in the g?é—obese mouse,

Diet—indﬁced activation of BAT was seen in 1lean
cafeteria-fed mice throughout most of the day. It is likely
that this activation resulted from a change in the
composition of the diet, since total energy intake was not
increased. The proportion of fat chosen by cafeteria-fed
animals was 12-15 times higher than the fat content of the
standard chow, and the. proportion of protein was slightly
less than half that of chow. 1In the rat, both high fat and
low protein diets are known to stimulate DIT, as assessed by
changes in NATR (Young et al, 1985, Schwartz et al, 1983),
energetic efficiency {(Rothwell et al, 1983a), metabolic rate
{Rothwell and Stock, 1983b) and GDP-binding to isolated BAT
mitochondria (Rothwell and Stock, 1987). Thus, although
similar studies have not been performed for mice, it is
possible that either the .increased fat or the decreased
proteln concenératién consumed by cafeteria-fed mice
produced the changes observed in GDP binding 1in these
animals. Stimulation of BAT thermogenesis may also have
occurred as a consequence of an enhanced palatability of the
cafeteria dlet, compared with the standard chow (LeBlanc et

al, 1985, Diamond et al, 1985).

It is interesting that cafeterla-feeding fé%;eased both
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body .weight and gonadal WAT in lean and- GTG-obese mice
without increasing total energy consump%éon. i% is again
presumably an effedw)of the high fat content of the diet,

ﬁs much lower when

since the energy cost of fat deposition
lipid is derived directly from the diet, rather than from de
novo fatty acid synthesis (Rothwell and Stock, 1983a). A
slight weight gain without hyperphagia has been previously
reported in cafeteria-fed mice (Kates and Himms-Hagen,
1986). The composition of the diet chosen by these animals
was similar to that reported herg. However, in another
report, a substantial hyperphagia was observed in cafeteria-
fed mice (Hogan, 1983). 1In this respect, the cafeteria-fed
mouse may somewhat resemble the golden hamster, which
becomes fatter when fed a high~fat diet, but which may or
may not overeat (Triéndafillou et al, 1984, Wade, 1982}.

It is noteworthy that while GTG-obese, mice were
hyperphagic for the duration of the experifient, food intake
was clearly regulated in these animals siﬁce only small
differences in caloric intake were observed from week to
week. In addition, caloric intake was similar for chow and
cafeteria-fed GTG-obese animals for all but the first intake
period. Thuéj' the hyperphagia of the GTG-obese mouse
appears to result not from a lack of regulation of focd
intake, but rather from regulation at an elevated level.

The circadian rhythm in BAT mitochondrial GDP binding in

cafeteria-fed lean mice differs somewhat from that seen in
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réts, in which binding is maximal in the late dark phase ana~
mid-morning (Rothwell et al, 1983b). This discrepancy may
result from differences in the time of’féod provision, since
the time of presentation may affect the pattern of food
intake, and thus conceivably could influence the rhythm in
BAT thermogeniC“agpivation. As well, a species difference
ip binding rhythm is apparent since no circadian variation
has been observed for chow-fed rats (Rothwell et al, 1983Db)
while a marked circadian rhythm is now shown for chow-fed
mice. |

It is intriguing that in Dboth . choﬁ-fed mice and
cafeteria fed rats, GDP-binding is lowest through most of
the dark phase, when the greatest feeding activity occurs
(Petersen, 1978, Beckér and Kissileff, 1974). It 1is
possible that a high level of physical activity in feeding
animals during the early dark phase results in an increase
in body temperature {Zaror-Behrens and Himms-Hagen,
submitted, Himms-Hagen, 1985b, and present experiment) that
is sufficient to suppress, BAT metabolism. Exercise has been
reported to suppress BAT thermogenesis ih both rats (Arnold
et al” 1986) and mice (Richard and Trayhurn, 1984). It is
not clear, however, why this phenomenon is not 6bserved in
cafeteria~fed mice. Since DIT is promoted by hyperphagia,
from the point of view of energy balance one woul& expect
the tendency to suppress DIT to be inversely related to the

degree of hyperphagia, yet GDP-binding remained high



-95-

throughout the dark phase in cafeteria~-fed mice, while
caloric intake was not increased.r In contrast, GDP;binding
is suppresséd in the dark phase in cafeteria—féd_rats;
though energy consumption may rise by 70-80% (Rothwell and
Stock, 1983a). This spécies difference may involve
differences in activity or eating patterns, diet composition
or palatability effects, and clearly cannot'be answered
without fﬁrther study. It must be remembered, as outlined
in the- introduction, that the GDP binding technique permits
an assessment of BAT thermogenic state, and is a function of
both the concentration of binding sites, and the extent to
which these are exposed and accessible to binding (Himms-
Hagen, 1983). Thus, the increased binding observed in
cafeteria-fed mice may have resulted from a noradrenaline-
stimulated unmasking of binding sites on the UCP, from an
increase in the goncentration of this protein, or from both.
In rats, at least, cafeteria-diet-induced increases in UCP

concentration hdve been demonstrated (Falcou et al, 1985,

Ashwell et al, 1984, Nedergaard et al, 1984).~ "

BAT mitochondrial GDP~binding was reduced by food-
restriction ;f lean mice; this reduction may reflect both a
masking of sites and a decrease in the concentration of UCP
(Trayhurn and Jennings, 1986), or a masking of sites only
(Desautels, 1985). No circadian rhythm was observed in GDP-
binding of food-restricted mice, despite the 1large changes

in body temperature which occurred in these animals during

\
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the period of study. This result is in agreement with a
report of suppréssedhsympathetic nervous system activity in
food-restricted mice during the arousal period (Zaror-
Behrens and Himms-Hagen, submitted). Both results are

sprprising, however, since BAT thermogenic activation has

"\
been demonstrated in mice during arousal from torpor (Himms-

Hagen, 19§5b). The discrepancy between these studles
probably arises from differences in the stimulus for
arousal. Where activation of BAT has been observed (Himms-

Hagen, 1985b) a vefy rapid arousal (12-30 minutes) was
stimulated by moving torpid mice out of their home cages.
Where evidence of BAT activation was not observed (Zaror-
Behrens and H%gﬁs-ﬂagen, submitted, and present expériment)
the stimulus fbr arousal was the expectation of food, and
rewarming océﬁrréd over several houfs. It is possible
therefore, Ehat under the conditions of the present
experiment rewarming occurred through a transient activation
of BAT thermogenesis that was not measured at the chosen
time points. ' Alternatively,' rewarming may have bheen
accomplished thr&ggh a small but prolonged increase in BAT
thermogenesis.

Iﬁ contrast to- lean mice, food-restriction did not
result in further suppres ion of the low BAT mitochoﬁdrial
GDP-binding of GTG-obese | ice. It should’be noted that
further suppression would be/ both possible and measurable,

based on the very low values recorded for obese chow-fed
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_animals in the early dark phase. - This finding is in
agreement with previéus reports of suppressed sympathetic
avtivity in BAT of food—;estricted lean, but not food-
restricted GTG-obese mice (Zaror-Behrens and Himms-Hagen,
éubmitted) and of lack of diet-sensitivity of the sympathetic
nervous-system of GfG-obese mice (Young and Landsberg, 1980).
The cause of the reduced GDP-binding in BAT of chow-fed
GTG-obese mice is not known. It may be that this reduction
oQgcurs through an action of cortiéosterone, since
administration of this hbrmone is- known to suppréss BAT
thermogqnié activation (Galpin et al, 1983), probably through
a centrally-mediated reduction in sympathetic activity to the
tissue (Vander Tuig et al, 1984, York et al, 1985). While
corticosterone 1levels are essentially normal in the GIG-
lesioned mouse in the dynamic phase of its obesity (Saito and
Bray, 1983), as discussed in the introduction, it is pqssible
‘that an abnormally high central sensitivity to glucocorticoid
is presént in this animal. Such an enhanced sensitivity has
been repérted for two models of genetic obesity, the fatty
Zucker rat (fa/fa) and the ob/ob mouse (Fréedman et al, 1986,
Holt et al, 1983,  Tokuyama and Himms-Hagen, 1987).
The ciréﬁdian variation in boéy temperature and effects of
diet on it were the same in this study as previouély recorded

(Zaror-Behrens and Himms-Hagen, submitted), with
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.cafeteria-feqding tfr;easing and food-restriction decreasing
body temperature for different proportions of theg day. By
far the greatest temperature variation was seen 1in food
restricted mice. While these groups maintained their
.temperatures above 31 °C; the value which has been defined
as the threshold of torpor, (Hudson and Scott, 19%79), it
must be remembered that this value was chosen arbitrarily
for convehience of measurement. Whether or not defined as -
corpor, th% tehperature depression of up tc 6 °C observed in
food-restricted mice for a substantial proportion of each
day would necessarily have contributed_ to the energqtic
efficiency of these animal;, and would therefore have helped
to minimize their weight- loss. |

Several factors m;y be involved in the temperature
differences observed- in food-restricted and cééeteria—fed
groups, compared to their respective controls. 'Serum' T4 is
elevated ~in cafeteria~fed mice (Rothwell and Stock, 1979,
Hogan, 1983 and present experiment) and decreased in food-
restricted mice (present experiment) and thus may be
responsible for alterations of obligatory thermogenesis
(Himms~Hagen, 1983). As ell, a role for .BAT in the
production of these diféérences is generally supported. by
the Fhanges observed in mitochondrial GDP-binding of
cafeteria-fed mice.  The reduced temperatures of food-

restricted lean mice can be attributed to a lesser

thermogenic activétion of BAT, and to a reduci:ion in serum
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T5. Similarly, chow-fed .GTG-obese mice displayved a lower
GDP-binding at each.'time of day measured. Serum f3 was
reduced in food-restricted GIG-obese mice, which may,expiain
theif lower body temperatures compared to obese controls.
However, none of the variables measured in the present
experiment account for the large reduction of body
tempe}ature in food~restricted GTG-obese mice compared to
their lean couhterparts, since food intake, serum T3, and
BAT mitochondrial GDP-binding did not differ in the two
groups. Thus a third factor mast be invoked to explain the
much hQWer body tempg;atures of the food-restricted GTG-
obese mouse. One possibility is that  GTG-obese mice
maintain a lower activity level than their lean
counterparts. A reductiocn in activity-induced thermogenesis
has been reported for another +type of obese animal, the
genetically obese {ob/ob) mouse ‘(Dguncey, 1986).
Alternativély, lower body ° temperatures may hgve \been
achieved in these animals through changes in
thermoregulatory mechanisﬁé (for example, decreased thermal

conductance due to décreased peripheral blood £low) in

s

response to an altered central temperature set point
.}Ganong, 1985). .

In confirmation of previous regﬁrts (Kates et al, 1986,
Wu et al, 1987), no effect of cafeteria feeding was éeen on
BAT S5'DII activity 6f lean mice at any time of day. It

N
would seem, therefore, that BAT 5'DII activity and
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-thermogenic state are under separate control, since GDP-
Pinding was increased in these animals. This'fihding p:ings
éo view an intéresting question. The activity .of BAT 5'DII
is known to be increased by noradrenaline, whether through
exogenous administration, or through cold-indu&ed
| sympathetic activation (Silva and L;rsen, 1983, Jones et al,
1986). Cafeteria feeding also results in sympathetic
activation and release of noradrenaline from nerve terminals
supplving BAT (Landsberg and Young, 1983, Zaror-Behrens §nd
Himms-Hagen,~ submitted). How noradrenaline canfstimulate
BAT 5'DII activity in the one case, yet be withéut effect in
the other 1is not known. It is unlikely that the different
effects result from changes in adrenergic receptor content,
since a9~ adrenergic receptors,n throuéh which NA acts to
stimulate 5'DII (Silva and Larsen, 1983), are increased in
both cafeteria-fed and cold-exposed rats. Although the a:B
receptor réEEB is increased in BAT of cold-exposed (Rothwell
et al, 1986, Raasmaja et al, 1984a), but not cafeteria-fed
animals (Rothwell et al, 1986, Raasmaja et al, 1984b), it is
unlikely that the effects of NA differ in the two situations
due to an altered adrenergic receptor ratio, since 5'DII
activity is- acutely stimulated by a single injection of
ﬁoradrenaline (Jones et al, 1986). For the same reason, it
is ddubtful that a factor present in cold-exposed animals is

required, in addition to noradrenaline for stimulation of

enzyme activity. A more likely explanation for this
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phenomenon is that a factor, possibly hormonal, oberates in
cafeteria-fed animals to prgvent a NA-induced increase in
BAT G5'DII activity. Inhibition of BAT 5'DII activity by
growth hormone has been described (Silva and Larsen, 1986a),
however the effects of cafeteria feeding on growth hormone
levels ire not Xnown. Alternatively, " the lack of
stimulation of S'DI; activity by Nﬁ in cafeteria-fed animals
could result from the decrease in plasma insulin - in these
animals (Rothwell and Stock, 1983a). Insulin has been shown
to stimulaté BAT 5'DII activity (Silva and Larsgh, 1986b,
Mills et al, 1987), and insulin levels are reduced in
cafeteria-fed rats'(ﬁothwell et al, 1883b). At present,
however, it can only be concluded that the regulation of BAT
5'DII 1is complex, inveolving both neural and hormonajl
components, and pgesents many avenues for further study.

The activity of ‘BAT 5'DII was for the most part

unaltered by food restriction of lean mice despite the

suppression of NATR (Zaror-Behrens and Himms-Hagen, 1986)

T
LY

and low mitochondrial GDP-binding (present experiment)
produced by this treatment. This observation again suggests
that a separate control of BAT 5'DII activity énd
thermogenic state dperates under  these conditions.
Similarly, no difference was observed in 5'DII activity
between chow-fed 1eaﬁ and GTG-obese mice, despite marked

differences in BAT mitochondrial GDP~binding. It is

surprising that 5'DII activity was elevated by cafeteria-
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feeding in GTG-obese mice in the late dark phase only. The
reason for this observation is unclear. |

The circadian variation observed in BAT 5'DII acnivity
has not been prev;ously repnrted. This rhythm did not
parallel the daily wvariation " in mitoghondrial‘GDP—bindinq,7
again suggesting a control that  i§ independent of
sympathetic activation. Several_ hormnnes have been
implicated in the regulation of BAT 5'DII (Silva and Larsen,
1986a, 1986b). Among thege, Iinsulin has been shown to
produce an increase in BAT 5'DIT activity'in a manner that
is unrelated to sympatheticj nervous system activity. A
circadian variation in plasma insulin has been reported for
. rats (Rothwell et al, 1983b) and is similar to the variation
in BAT S'DII activity .in these animals (Park and Himms-
Hagen, unpublished). Thus it is conceivable that the rhythm
in BAT 5'-deiodinase activity could be driven by thé ;hvthm
in plasma insulin.

It is noteworthy that the rhythm of BAT S'bII
activity is also similar to the circadian variatidn in serum
corticosterone concentration (Saito and Bray, 1983), and
like the deiodinase acti&&ty is unaltered in GTG-obese mice
in the dynamic phase of obesity. The effects of
corticosterone upon BAT 5'DII have = not been well
characteiized, although an elevated BAT 5'DII activity in
hypophysectomized animals is reportedly not suppressed by

corticosteroneitreatment (Silva and Larsen, 1986a). The
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role of ‘worticosterone in the regulation of BAT 5'-
deiodinase activity deserves further study.

The objectives of part II of this work were to' compare
the time course of acti?étion‘of BAT thermogenesis and of
BAT 5'DII activation in lean and GTG-obese mice. In the
first experiment, the ability of these animals to survive
'éxposure to sesare cold was studied. The hypothermia
displgyed by Gféhobese mice in this experiment was
surprising, since _thermoregulation in severe cold is
reportedlg normal in these animéls (Davis and Maver, 1954).
The discrepancy - in these results may be due to differences
in the dosage of GTG- used._to induce obesity, or in the
length of recovery period allowed between GTG administration
and cold exposure. These details were not reporteﬁ in the
earlier study. From: .the results of the second experiment,
in which the time course of activation of BAT thermogenesis
and 5'=-DII activation were' measured, it is clear-that gie
GTG-obese mouse is capable of activating BAT thermogenesis
when "exposed ~tQ milder cold, since the increase in BAT

mitochondrial GDP-binding paralleled that seen in lean mice.

As well, . the cold-induced Iincrease in BAT protein occurred ‘

even earligr in GTG-obese mice, indicating a normal adaptive
growth of the t;ssue in these animals.

In the cold-acclimated state, the level of GDP-binaing
was several-fold that of warm-acclimated mice, presumably

reflecting hoth unmasking of sites and an increase in the
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concentration of uncoupling protein (Desautels et al, 1986).
sDespiEe a normal increase, thelabsolute level of GDP-binding
was always somewhat lower in the GTG-obese mize; this
difference was particularly marked in Q;rm acclimated
animals, where binding was only 30% _of normal. The lower
GDP-binding of warm-acclimated GTG-obese micg, and the
smaller response to cold at one time of exposure have been
observed previcusly (experiment one, and Hogan and Himms-
Hagen, 1983). The reason for this difference is not clear.
At 26 oC, measurements of NATR in chow-fed GTG-obese mice
indicate a normal sympathetic aciivity (Zaror-Behrensﬁaﬁd
Himms-Hagen, subfitted). NATR has not been measured in
cold-exposed GTG-obese mice, but the time course of increase
in GDP-binding in these animals, parallel to that of lean
mice, suggests a normal sympathetic activation in the cold.
Thus, in both warm and cold-exposed GTG-obese mice, thé
presence of ~_0r perhaps 1lack of some factor other than
noradrenaline is presumably responsible for the lower GDP-
binding. This factor appears to affect the '"basal"
. thermogenic state of BAT in these animals, rather than
stimulated thermogenic activation, since differénces in GDP-
binding between lean and GTG-obese mice were about the same
at each point studied. R

It is possible that the lower baseline of thermogenic

activation accounts for the cold-sensitivity observed in

GTG-obese mice in the second experiment; in severe cold, the
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initial low level of  BAT activation may ‘have been
insufficient to allow survival for long enough to complete
the activation process. Similarly, a low baseline of
thermogenic activity may account for the hypothermia
observed in two lean mice.

The time course of increase in BAT 5'DII activity in
cold—exposep mice has not been previously reported. After
an initial peak at 12 hours of cold exposure, the activity
of this enzyme Qéclined, returning te normal levels with
acclimation. , éhis finding . is surprising, since
mitochondrial GDP-binding and tissue growth, also unde£ the
control of noradrgnaling,,continued to increase after 5'DII
levels had returnéd.éo minimal values. Thus, a dissociation
of 5'DII activity apd thermogenic state is apparent in cold-
acclimated animals. However, this dissociation is unlike
that observed in cafeteria-fed mice in which mitochondrial

GDP-binding (experiment one), as well as sympathetic

activity (Zaror-Behrens and Himms-Hagen, submitted) are”

increased without an apparent stimulation of 5'DII activity.
In mice, the time course of cold-induced sympathetic
activation is similar to that of deiodinase activity, with a
large initial increase, followed By a decline to normal.
values in 2-week cold-acclimated animals (Zaror-Behrens and
Himmé-Hagen, 1985). Thus, the gquestion here 1is not why
deiodinase activity 1s low in cold-acclimated mice, but

rather why GDP-binding and tissue protein levels are so high

\

S
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in the absence of sympathetic activation(<—\\\\\\ ,
In the rat, the time course of increase in mitochondrial
GDP~binding in cold-acclimating animals ‘has been correlated
with a concurrent rise in the concentration of mitochondrial
UCP (Trayhurn et al, 1987). A similar phenomenon*%ppearé to
occur in the mouse, based on the large increase in UCP
content that is observed after cold acclimation (Desautels,
Dulos, and Mozgﬁfari, 1986). Receﬁt reports havg sugéested
that the acute.cold-induced increase in UCP is dependent
upon intracellular conversion of T4 to T3 by BAT 5'DII
(Bianco and Silva, 1987, Bianco and Silva, in Press). 1In
these experiments, thyroidectomized rats showedua five-fold
smaller increase in levels of Ucé than‘euthyroid‘ rats; this
response could be normalized using small doses of T4. In
contrast, UCP levels were raised to only 50% of euthyroid
values by T3 and this response required supraphysiological
doses. The large increase in UCP levels produced'b?.cold-
eXposure has been shown to require a nuclear T; receptor
saturation of greater than 80% (Bianco and Silva, in press}.
Since the nuclear T3 receptor saturation of warm-acclimated
euthyroid rats is estimated to be near 70% (Bianco and
Silva, 1987b) it has been suggested that activation of BAT
S'DIT is necessary to produce the high nuclear T,
concentration required for a cold-induced increase in UCP.

However, if the time course of increase in UCP concentration

is similar in mice to that observed in rats (a significant
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increase only after 48 hoﬁrs'of cold exposuré, Trayhurn et
al, 1987), thelresults of the present experiment‘suggest
that Fome, if not all of this inqrease must occur during the
period of ‘declining 5'DII activity. Thus, while a
deiodinase~dependent increaée in nuclear T3 receptor
saturation is required for a normal rise in - UCP le?els'of
acutely cold-éxposed rats, (Bianco and Silva, in press), the
present‘results suggest that in c¢old-acclimating mice a
cohtinued synthesis may be promoéed through a T3;independent
mechanism. Alter;;tively, after nuclear T3 levels are
raised by the initial increase in 5'DII concentration, the
subsequent lower 5'DII activity may be sufficient to
maintain nuclear T3 concentration at the level required for
receptor saturation. Similarly, after a large initial
sympathetic stimulation, a tonic level of noradrenaline
release may be adegquate for - continued growth of BAT.
Although NATR in cold-acclimated mice is similar to that in
mice acclimated to 26°C, a tonic sympathetic activation is

apparent in these animals, since NATR is reduced in mi

acclimated to 33°C, the thermoneutral zone of ﬁhis species
(Zaror-Behrens and Himms-Hagen,.1983). |
The time course of increase of BAT-S'DII activity in
cold-exposed mice differs from that of both rats and
hamsters (Kopecky et al, 1986). In rats, a similar pattern
v

is seen for the first 24 hours of cold exposure, but after

acclimation, enzyme activity is still markedly elevated. In
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hamsters, the increase in 5'DII activity occurs much more
slowly; . maximal specific activitiés are observed no sooner
than three dgys after cold exposure, and total activity
continues to increase after 4 weeks of cold-acclimation.
These differences suggest distinct functions for BAT 5'DII
in the three species. 1In rats and hamsters, changes in BAT
5'DII aCti?ity correlate with changes in serum F3 (Kopecky
et al, 1956, Park and Himms-Hagen, submitted); thus, in
these animals, BAT 5'DII may be important not 6nly for local
generation of T3, but also for provision of‘this hormone to
the general circulation. 1Indeed, an increase in T3 content
of' venous blood from interscapular BAT has been observed in
cold-stressed rats (Fernandez, Mampel, Villaroya and
'Iglesias, 1987). 1In mice, the initial elevation in T3 level
occurs prior to the increase 1in 5'DII actitity; moréover
serum T3 .remains elevated irrespective of declining 5'DII
levels in coid-acclimating animgls. In mice, therefore,
5'DII may have a more specific function in local generation
of T3 for stimulation of UCP synthesis, with “the cold-
induced increase in serum T3 resulting either from enhanced
thyroidal secretion, %:’/%rom BAT-independent pé%ipheral
deiodination. It would ‘be iﬁteresting to determine whether
the prolonged increase in 5'DII‘ activit;’ in cold-
acclimating rats and hamsters has the sole purpose of
production of T3 for the general circulation, or whether

this actiyity is also necessary to maintain thermogenic

N
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activation of BAT in these animals.

The initial increase in BAT 5'DII activity was lower
than normal in GTG-obeseymice exposed to cold. Thus, a
slight attenuation of responsiveness was observed a%:thié
time. This is not to say, however, that a normal maximal
level of 5'DII activity could not be reached in GIG-obese
mice, since the inérease may have occurred more slowly in
these animals, reaching a peak at a time point not studied.
By 24 hours' the elevation in activity of this enzyme was the
same in obese and lean mice. Thus, GTG-qbése mice
demonstrated a .several-fold increase in 5'DII actiﬁitv
within 12 hours of ccld-exposufe, and in this way differ
from both the genetically obese‘ (ob/ob) mouse (Kates and
Himms-Hégen, 1985) and the Zucker obese (fa/fa) rat (Wu et
al, 1987), both of which display a severe impairment of
cold-induced BAT 5'DII elevation.

It is doubtful that the attenuation of 5'DII activity
seen in the cold-exposed GTG-obese mouse results £from a
difference in 3ympathefic activation, considering the
parallel increase in mitochondrial GDP-bindipg of control
and GTG-obese animals. Therefore one must again invoke a
hormonal factor to explain an altered regulation of this

enzyme, although the nature of this factor in cold-exposed

animals remains to be determined. As well, the consequences

of this attenuation are not clear, since the changes in

rectal temperature of cold-exposed GTG-obese mige were
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small. It may be that the delay in cold-activation of BAT
5'DII assumes a more important role Qhen GTG-cbese mice are
submitted to severe cold, as in the second experiment.
Several features of the abnormal energy balance of the
GTG-obese mouse are-similgr tb those. of the mouse made obese
by neonatal treatment .with monosodium glutamate (MSG).
Although, unlike the GTG-iesioned mouse, the MSG-obese mouse
is not hyperphagic, both animals thermoregulate at a reduced
body temperature du;ing the dark and early light phase, both
succumb to hypothermia when exposed to severe cold, and both
‘can adapt when exposed to a miider cold stimulus (Tokuyama
and mms-Hagen, 1986, and present results). In addition,
‘both animals have lesions in rthe hypotﬁalamic arcuate
nﬁcleus (Olney, 1969, 1971, Takahashi, 1987, Tanaka et al,
1978, Powléy and Prechtl, 1986). While arcuate lesions are
the major consequencé of MSG treatment, they are a minor but
reprodﬁcible_ consequence of GTG administratipn. Thus;
though the obesity—inducing effects of the two treatments
appear to be fairly distinct (Smith,1983) it is possible
that their common effeéct upon the arcuate nucleus 1is
responsible for the altered thermoregulation and sensitivity

to severe cold seen in both types of mice.

SRy
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CHAPTER V
CONCLUSION

//‘

Contrary to the results' of previous, more limited
studies, diet-induced activation of BAT thermogenesis is not
abolished in the GTG-obese mouse. Instead, DIT occurs only
transiently each day,’and is suppressed for thé remainder of
each 24-hour period. This finding suggests that contreol of
DIT is not destroyed by the GTG 1lesion, but rather is
altered, perhaps in relation to: the altered thermoregulation
displayed by this animal. { ,

It is 1likely that the increased metabolic efficiency of

the food-restricted GTG-obese mouse results from its ability

1]
~

to ‘thermoregulate at a subnormal body temperature. This
ability appears to rely upon a factor or factors apart from'
suppression of BAT thermogenesis. Furthermore, the reduced
basal therﬁogenic activity of the choﬁ-fed GTG-obese mouse
may account for 1its sensitivity to severe cold; cold-
induced thermogenic activation occurs normally in this
animal. " In addition, and in contrast to two‘geﬁetically
obese species, the régulation of BAT 5'DII activity is
largely normal in the GTG-obese mouse.

The obesity of the GTG-lesioned mouse is the consequehcé

s -
both of an increased food intake, and of a reduced enerqgy

-
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expenditure. While the Eontribution of an altered
thermogenic activity to tl} elevated weight gain of this
animal has not been quantified in the present study, it is
nonetheless clear that an altefed regulation of DIT, and
suppression of basal activatioﬂ of BAT contribute to the
development of its obesity. Thus, the elevated energetic
efficiensy demonstrated by the GTG-obese mouse appea;s‘to
result partly, but not entirely, from an altered regulation

of BAT thermogenic activity.
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APPENDIX A

LIST OF ABBREVIATIONS

adenosine 5'~-diphosphate
arcuate nucleus
adenosine 5'-triphosphate

beéque;el .
curie :
-brown adipose tissue
carbochydrate

cdld~-induced thermogengsis
tdiet-induced thermogenesis
dithiothreitol
ethylenediaminetetraacetic acid
T4 5'-deiodinase

guanosine 5'-diphosphate
goldthioglucoée
N-2-hydroxyethylpiperazine-N'2-
ethanesulféhic acid

lateral hypothalamus

medlal hypothalamus - |
monosgdium glutamate
noradrenaline

noradrenaline turnover
nonshivering thermogenesis

i

propylthiouracil
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ABBREVIATIONS, CONTINUED

PVN " paraventricular nucleus
SE ‘."- standard error

SN supraoptic nucleus

Ty, body temperaturé

T3 triiodothyronine

T4 : thyroxine

VUCP uncoupling'proteih

VMH ventromedial hypothalamus
VMN _ ventromedial nucleus

WAT white adipose tissue
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APPENDIX Bl

MENUS FOR CAFETERIA DIETS

1 Chocolate Wafer
Walnut
Cheddar Cheese
Oatmeal Cookie

2 Chocolate wafer
Almond ,
FProcessed Cheese
Shortbread Cookie

3 Chocolate Wafer
Pecan
Swiss Cheese
Chocolate Chip Cookie

In addition, cafeteria-fed animals received chow ad
libitum ' .

cey s

S
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APPENDIX B2

COMPOSITION OF CAFETERIA FOODS

. ENERGY PROTEIN -  CHO FAT

{Kcal/q) $ % 3

CHOCOLATE WAFER  / 5.5 7.9 52.1 32.1
WALNUT 6.54 15.0 15.6 64.4
ALMOND 5.47 18.6 19.6 - 54.1
PECAN 6.96 9.4 13.0 73.0
CHEDDAR CHEESE 3.98 25.0 2.1 32,2
PROCESSED CHEESE -~ 3.32 20.0 7.6 25.0
SWISS CHEESE 3.21 21.8 4.6 24.3
OATMEAL COOKIE " 4.44 6.1 76.2  17.7
SHORTBREAD COOKIE 5.00 7.1 65.7 22.9
CHOCOLATE CHIP |

COOKIE 4.73 5.5 70.0 20,9
CHOW , 4.34 23.5 52.3 4.5

Compositions of the cafeteria foods were obtained from Bowes
and Church's Food Values  of - Portions commonly used
(P%pnington and Church, -1980). Values for chow were
obtained from the Ralston Purina Company.

% refer to percent of nutrient per gram wet weight of food.

Fd
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